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Palavras-chave Transmissa˜o de energia sem fios, ressonaˆncia, acoplamento capacitivo res-
sonante, acoplamento ele´trico ressonante, acoplamento h´ıbrido ressonante,
acoplamento indutivo, acoplamento magne´tico ressonante.
Resumo Contidos neste documento esta˜o resultados teo´ricos e experimentais relaci-
onados com a viabilidade do uso de acoplamento ele´trico ressonante como
um me´todo de transfereˆncia de energia sem fios atrave´s de distaˆncias na˜o
negligencia´veis. Conforme mostrado, o acoplamento ele´trico ressonante e´
notavelmente semelhante ao acoplamento magne´tico ressonante em va´rios
aspetos. No entanto, enquanto que o acoplamento magne´tico ressonante e´
atualmente um me´todo de transfereˆncia de energia sem fios com uma pre-
senc¸a muito forte na literatura, o acoplamento ele´trico ressonante na˜o e´. A
auseˆncia de material relacionado com acoplamento ele´trico ressonante, em
conjunto com o potencial de atingir um compromisso equilibrado entre ca-
racter´ısticas cr´ıticas, tais como eficieˆncia, distaˆncia, simplicidade, tamanho
e capacidade de transfereˆncia de poteˆncia, foram as principais motivac¸o˜es
para considerar este to´pico espec´ıfico. A possibilidade de combinar de forma
construtiva acoplamento ele´trico ressonante e acoplamento magne´tico res-
sonante e´ tambe´m abordada. Uma revisa˜o do estado da arte da trans-
fereˆncia de energia sem fios, na˜o so´ em termos de publicac¸o˜es cient´ıficas,
mas tambe´m em termos de adoc¸a˜o do mercado e normas internacionais, e´
inclu´ıda neste documento.

Keywords Wireless power transfer, resonance, resonant capacitive coupling, resonant
electrical coupling, resonant hybrid coupling, inductive coupling, resonant
magnetic coupling.
Abstract Contained in this document are theoretical and experimental results related
to the feasibility of resonant electrical coupling as a method of wirelessly
transferring power across non-negligible distances. As shown, resonant elec-
trical coupling is remarkably similar to resonant magnetic coupling in several
aspects. However, while resonant magnetic coupling is currently a method
of wirelessly transferring power with a very strong presence in the literature,
resonant electrical coupling is not. The lack of material related to reso-
nant electrical coupling, together with the potential of achieving a balanced
trade-off between critical features such as efficiency, distance, simplicity, size
and power transfer capability, were the main motivations for considering this
specific topic. The possibility of constructively combining resonant electrical
coupling and resonant magnetic coupling is also addressed. A review of the
state of the art of wireless power, not only in terms of scientific publications
but also in terms of market adoption and international standards, is included
in this document.
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Chapter 1
Introduction and objectives
1.1 Summary
One of the most desirable attributes in wireless power transfer is distance. After all, spatial free-
dom is what makes wireless power truly wireless. Significant progress was made in this aspect
just a few years ago, with the use of strongly coupled magnetic resonances. A distance of up to
several times the dimensions of the devices involved can be achieved with this technology. This
was an extremely important breakthrough. Unsurprisingly, many papers in the literature are based
on strongly coupled magnetic resonances directly or indirectly. Most of the papers listed in the
literature review included in chapter 2 are based on strongly coupled magnetic resonances, for
instance. In contrast, only a few publications related to the use of electrical resonance for wire-
less power transfer currently exist in the literature. Capacitive coupling is generally perceived as
something useful at very short distances but not more than that. Contained in this document is
a study of the potential use of electrical resonance for the transfer of power across non-negligible
distances, performed with the main goal of achieving results in the order of those obtained with
resonant magnetic coupling. An analysis of the circuit that is currently most widely used to repre-
sent strongly coupled magnetic resonances is given in chapter 3. A similar analysis is presented in
chapter 4 for resonant electrical coupling. Furthermore, the possible constructive combination of
electrical and magnetic resonances is also considered in the same chapter. A proof of concept of
resonant electrical coupling is presented in chapter 5. Most of the material contained in chapters
4 and 5 is published in [1], [2], [3] and [4]. A summary of each one of these papers is given in the
next section of this chapter, immediately after this introductory text. A brief description of the
technologies most often considered in wireless power transfer is presented afterwards.
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1.2 Contributions
In following list of papers, [1], [2], [3] and [4] are directly related to electrical resonance. The
subject of [5] and [6] is ultra-wide band pulse generation. The subject of [7] and [8] is the design
of a battery-free programmable RFID tag. Lastly, [9] and [10] are related to the generation of
signals with high peak-to-average power ratios.
[1] Most of the results presented in chapters 3, 4 and 5 are also in the paper “Resonant Electrical
Coupling: Circuit Model and First Experimental Results”, in a more condensed form. This
paper is an extension of [2], in which novel experimental results obtained with an RF-to-
DC converter and a comparison between electrical resonance and magnetic resonance are
added and some parts of the analytical analysis of resonant electrical coupling are simplified.
The most important aspect in this paper is the practical demonstration of wireless power
transfer based on resonant electrical coupling across non-negligible distances and considering
non-optimal orientations.
[2], [3] The first relevant results achieved in the study of electrical resonance are published in the
papers “Behavior of resonant electrical coupling in terms of range and relative orientation”
and “Wireless Power Transmission Based on Resonant Electrical Coupling”. These papers
contain an analysis of the circuit model considered for resonant electrical coupling and some
preliminary experimental results obtained with a network analyzer. The most important
aspect in these papers is the use of resonant electrical coupling for the purpose of wire-
less power transfer across non-negligible distances, as an alternative to resonant magnetic
coupling.
[4] In the paper “Constructive combination of resonant magnetic coupling and resonant electrical
coupling”, the possibility of constructively combining electrical and magnetic resonances is
proposed. A comparison between magnetic coupling only, electrical coupling only and several
hybrid combinations is provided in the paper. The conclusion of this paper is that efficiency
can be increased by combining magnetic coupling and electrical coupling. This conclusion
is based on circuit theory.
[5] In the paper “Low-power ultra-wide band pulse generator based on a PIN diode” a low-power
ultra-wide band pulse generator is proposed. This pulse generator is designed to produce
a positive unipolar pulse for each high-to-low (1.8 V to 0) transition received from the
passive RFID tag described in [7]. Very importantly, the power needed to activate the pulse
generator is extracted from the trigger signal, eliminating the need for a separate supply
voltage. The main novelty in this paper is the generation of an ultra-wide band pulse from
a very limited power supply.
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[6] A possible application of the pulse generator from [5] is described in the book chapter “Un-
conventional RFID systems”. In this application an RFID tag receives power from nearby
power transmitters and generates pulses that are then detected by ultra-wide band receivers
placed in known locations. The position of the tag can be estimated based on the differences
between the pulse arrival times reported by each of the receivers.
[7] Entitled “Design of a Battery-free Wireless Sensor Node”, this is the publication where the
development of the RFID tag used in [5] is described in most detail. The tag is battery-
free, fully programmable, relatively small-sized and contains a pin interface of 26 pins for
programming, debugging and testing new hardware.
[8] The paper “Design of a Battery-free Wireless Sensor Node” is a summary of [7].
[9] The subject of “Increasing the Range of Wireless Passive Sensor Nodes using Multisines” is
the delivery of power to the RFID tag from [7] using multisines instead of the typical pure
sinusoidal signals. As reported in the paper, significantly longer distances can be achieved
with the same average power.
[10] The improvement reported in [9] is mainly caused by the relatively high peak-to-average
power ratio that can be achieved with multisines. In the paper “Boosting the Efficiency:
Unconventional Waveform Design for Efficient Wireless Power Transfer”, multisines and
other methods of producing high peak-to-average power ratios are considered.
1.3 Methods of wirelessly transferring power
The following sub-sections contain brief descriptions of the methods of wirelessly transferring power
typically mentioned in the literature. These methods are inductive coupling, resonant magnetic
coupling, capacitive coupling, lasers and microwaves. The first three methods are non-radiative or
near-field and the last two methods are radiative or far-field. Inductive coupling, resonant magnetic
coupling and microwaves are the most popular methods. In many papers, including review papers
such as [11], these are in fact the only methods considered. Sometimes, for instance in [12],
capacitive coupling and lasers are also mentioned but usually just briefly.
1.3.1 Inductive coupling
As mentioned in [12], the discovery of electromagnetic induction is generally credited to Michael
Faraday, in 1831. At the fundamental level, electromagnetic induction is the production of a voltage
across a closed circuit placed in a time-varying magnetic field or moving through a stationary
magnetic field. It is common practice to denote this voltage, or electromotive force, by the letter
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ǫ. Mathematically, the relationship between ǫ and a magnetic field B can be written as
ǫ = −dφB/dt, (1.1)
in which φB represents the magnetic flux enclosed by the circuit. As can be seen in the equation,
the voltage induced is directly proportional to the rate of change of the magnetic flux enclosed
by the circuit. In particular, no voltage is generated if there is no change in the magnetic flux. In
practical implementations the previously mentioned closed circuit is usually a coil and the magnetic
field is usually generated by connecting a second coil of approximately the same dimensions to
an oscillator, creating a time-varying magnetic field. Inductive coupling is the name given to the
coupling between the two coils. Other names are sometimes used, such as magnetic coupling or
simply induction. If the coils are properly aligned and in close proximity most of the flux generated
by the transmitter coil is picked up by the receiver coil, resulting in a higher induced voltage. As
the distance between the coils is increased the amount of flux that no longer passes through the
receiver coils also increases, as shown in figure 1.1. As this leakage flux increases, the induced
voltage decreases. The rate at which the induced voltage decreases with distance is very high and
the coupling drops to zero typically after just a few milimeters. This is generally accepted as the
single most critical limitation of inductive coupling.
Figure 1.1: Graphical illustration of inductive coupling, in which dashed lines are used to represent
magnetic field lines.
Over time, inductive coupling has been used in many different applications. Electrical trans-
formers are a good example of the usefulness of inductive coupling. Many smart cards also make
use of inductive coupling. One of the first systems of this kind was the FeliCa card mentioned in
[11]. This card was proposed and sold by Sony in 1995. Electric toothbrushes, for instance, are typ-
ically recharged using inductive coupling. In this case the power connector can be eliminated and
the process of recharging the toothbrush becomes much more convenient. In addition, both the
toothbrush and the charger can be hermetically sealed. As a result, the problems of wear and tear in
the connector and water seeping into the toothbrush and causing damage to internal components
can be effectively solved. These are very strong advantages of inductive coupling in comparison to
a wired connection. Another very useful application of inductive coupling is induction cooking. As
mentioned in [12], induction cookers are faster, safer, more controllable and more energy-efficient
than traditional stovetops. Induction cookers consist of a stovetop with one or more coils. Once a
pot is placed on the stovetop and the latter is turned on, a time-varying magnetic field is created
by the coils. Due to the internal resistance of the pot, the induced currents cause heat to be dis-
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sipated. It is the pot itself that heats up, not the stovetop. More recent applications of inductive
coupling include charging pads for tablets, smartphones and smartwatches. Specific examples of
some of these applications are given in chapter 2.
1.3.2 Resonant magnetic coupling
Published in 2007, [13] is one of the first publications related to the use of strongly coupled
magnetic resonances and also the most important. In this paper, a group of researchers led by
Prof. Marin Soljacˇic´ reports the transfer of 60 W to an incandescent light bulb across a distance
of 2 meters with an efficiency of 40%. These numbers were achieved using only two helical coils
measuring 60 cm in diameter and 20 cm in height and two smaller single-turn loops, arranged as
shown in figure 1.2. As mentioned at the beginning of this chapter, distance is something highly
valued in wireless power transfer so a very reasonable efficiency at a distance of several times the
diameter of the helical coils is obviously something important, especially when combined with such
a simple apparatus. Although only a small part of the magnetic flux generated by the first helical
coil is effectively picked up by the second helical coil due to distance, an efficient power transfer is
still possible if those coils resonate at the same frequency and have very high Qs (quality factors), in
the order of 950 at 9.9 MHz in this particular case. In short, the coupling strength depends on both
the magnetic coupling coefficient and Q, not just the former. The first helical coil is inductively
coupled to the source loop, which is in turn connected to an oscillating circuit. Similarly, the
second helical coil is inductively coupled to the load loop, which is connected to a resistive load.
Some related theoretical work published shortly before [13] can be found in [14]. Moreover, a more
detailed version of the material published in [13] can be found in [15]. Applications of resonant
magnetic coupling in consumer electronics, medical devices, electric vehicles, lighting and the
military are shown in [16].
Since a high magnetic coupling coefficient is not required in strongly coupled magnetic res-
onances, a single transmitter can simultaneously deliver power to multiple receivers of different
sizes, as pointed out in [17]. In addition, distance can be significantly extended through the use
of resonant repeaters. In one of the applications shown in [16], for instance, multiple resonant
repeaters are used in the design of light fixtures that seemingly float in mid-air. Specific examples
of the transfer of power from a single transmitter to multiple receivers, transmitters and receivers
of different sizes and resonant repeaters are given in chapter 2.
1.3.3 Capacitive coupling
Capacitive coupling is currently perceived as only suitable for extremely short distances, typically
less than a millimeter. Clear evidence of this fact can be found for instance in the list of papers
related to this technology published in the last few years contained in [18]. Wireless power transfer
based on capacitive coupling usually consists of two pairs of conductive plates, or electrodes, as
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Figure 1.2: Graphical illustration of strongly coupled magnetic resonances, consisting of two single-
turn loops and two helical coils.
shown in figure 1.3. Assuming a small distance d between the electrodes, the capacitance C
between each pair can be expressed as
C = ǫA/d, (1.2)
in which ǫ represents the electric permittivity of the material between the electrodes and A
represents the area of the electrodes. As pointed out in [19], there are some potential advantages
of capacitive coupling in relation to inductive coupling. The first advantage is the flexibility in the
design of the electrodes, which can be be made in shapes designed to best fit the place where
they are supposed to be installed. Coils can also be made in different shapes but the flexibility
is lower. Another advantage is that electrodes generate less heat than coils, which is particularly
important at higher power levels. This is also an advantage if the electrodes have to be installed
near components sensitive to temperature, such as batteries. Lastly, electrodes can be made very
thin, thinner than flat coils.
Figure 1.3: Graphical illustration of capacitive coupling, consisting of two pairs of electrodes.
1.3.4 Lasers
Even though some of the features of laser are unique and useful for wireless power transfer, there are
also heavy drawbacks involved which limit the use of lasers to a very narrow range of applications.
As mentioned in [12], safety is one of the major concerns since laser radiation is hazardous.
Permament injuries such as blindness can result from exposure to laser beams. Significant distances
are achievable due to the low dispersion loss but a very precise alignment between the transmitter
and the photovoltaic receiver is required at all times, as well as an unobstructed line of sight. In
addition, suitable atmospheric conditions are also required as absorption and scattering by clouds,
fog or rain can cause significant losses. It is mainly due to these drawbacks that the use of lasers
in wireless power transfer is limited.
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1.3.5 Microwaves
One of first major milestones in the use of microwaves for wireless power transfer was in 1964 and
consisted in the flight of a rotary-wing aircraft powered solely by a microwave beam. In this case,
an electric motor was used to generate the necessary motion for the rotor blades to produce lift.
An array of rectennas installed on the aircraft was used receive and rectify incoming microwaves
in order to deliver 200 W to the motor. Although the vertical flight was constrained to a few
centimeters due to the fact that the aircraft was tethered, an experiment of this kind had never
been achieved in the past. Using the same aircraft, a continuous flight of 10 hours at an altitude
of approximately 15 meters was demonstrated a few months later. Several other milestones were
achieved in the following years, as detailed in [20] and [21] by William C. Brown. In particular, over
30 kW were transferred over a distance of approximately 1.6 km in 1975, from a large parabolic
antenna to an array of rectennas. Never had so much power been transferred over such a large
distance before using microwaves. Significant drawbacks of this technology such as size, weight
and cost were also clearly exposed in this demonstration. Frequencies between 2.4 and 2.5 GHz
or close were used in all the major milestones reported in [20] and [21].
Interest in transferring large amounts of power across long distances was at that time mainly
motivated by the concept of beaming solar energy harvested by satellites to Earth using microwaves
introduced in 1968 by Peter Glaser, in [22]. Compared to sunlight, microwaves are less affected
by water droplets suspended in the atmosphere, due to the longer wavelengths. As a result, thick
clouds and heavy rainfall are less of a problem. Additionally, there is plenty of sunlight available
for the satellites to harvest. On the other hand, solar panels suffer much more degradation in
space than they do on the planet, meaning more maintenance. Also, in order to gather massive
quantities of energy, the satellites must be significantly large. Several satellites of this kind have
been proposed since 1968, as mentioned in [23], but none of them have been effectively launched
into orbit. Major technical, regulatory and conceptual issues must be solved before that happens.
Currently, passive RFID is probably the most widely known application of microwaves in wireless
power transfer. Although only a small fraction of the power radiated by an RFID reader is received
by each tag, resulting in a very low efficiency, many tags can be simultaneously powered. Easily
delivering power from one source to multiple low-power receivers is a very important and unique
advantage of microwaves. In addition, distances of several meters and fast data transfer rates
can be achieved under appropriate conditions. In addition, tags can be made small, very thin,
and sometimes physically flexible since most of the complexity can be shifted to the reader. Over
time, microwaves have also been used occasionally in various other applications, such as powering
miniature airplanes, electric cars, and transferring power from airships to ground, as shown in [24].
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1.4 Early history of wireless power
Experiments on wireless power transfer date back to the famous gigantic coil wound around a 60
m mast with a 1 m diameter copper ball positioned at the top built by Nikola Tesla in 1899. A
potential in the order of 108 V was produced at the sphere as a result of resonating the coil at
150 kHz with 300 kW, as documented in [20]. Such a high potential resulted in very long and
very visible discharges from the sphere. Although there is no clear record of how much of this
power was radiated into space and whether any significant part of it was collected at a distant
point, there is an abundance of unsupported claims. One of the most popular claims is the lighting
of 200 50 W incandescent lamps located 42 km away reported for instance in [25]. A patent for
a second iteration of the previously described structure filed in 1902 can be seen in [26]. Such
structure would mainly consist of a large coil and a massive 30 m diameter copper electrode shaped
like a doughnut placed at the top of a 47 m high wooden tower. Construction was started but
never completed due to the lack of funding. Concepts of critical importance in this project such
as oscillating voltages and currents, capacitor charging and discharging, magnetic induction and
resonators are still widely used.
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Chapter 2
State of the art
2.1 Summary
A review of the recent developments in the field of wireless power transfer is given in this chapter. A
snapshot of the current state of the art based on a group of selected papers is presented in the first
part of the chapter. Subjects related to intellectual property, market adoption and standardization
are addressed afterwards.
2.2 Selected publications
Several variations of the original apparatus from figure 1.2 have been proposed, in a clear effort
to maximize spatial freedom. Examples of these variations, as well as recent proposals related to
inductive coupling and capacitive coupling are included in the following list.
[27] In this paper, resonant magnetic coupling is used for wirelessly delivering power from a coil
with a diameter of 30 cm to two smaller coils with diameters of 1.3 cm each, simultaneously.
A resonant frequency of 8.3 MHz is used, which is slightly lower than [13]. More impor-
tantly, the same resonant frequency is achieved at both the transmitter and receiver coils
by terminating them with lumped capacitors. An identical self-resonant frequency may be
very difficult to obtain if the coil dimensions are drastically different, and this case is a good
example of that, hence the use of lumped capacitors. Another important aspect reported
in the paper is that bringing the two receivers into close proximity results in a significant
degradation of efficiency due to frequency splitting, which is difficult to predict, especially in
the case of more than one receiver. Chapter 3 contains more detailed information about fre-
quency splitting. Means for tracking frequency shifts and continuously retuning the lumped
capacitances are therefore critical when multiple receivers exist.
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[28] In this paper, resonant magnetic coupling is also used for transferring power from a single
larger transmitter coil to two smaller receivers, as in [27]. Contrary to [27], the same resonant
frequency is achieved in both the larger coil and the smaller coils by tuning parameters such as
diameter, number of turns and spacing between consecutive turns, rather than using lumped
capacitors. Lumped capacitors are still used in the coils connected to the power supply and
the loads, though. A slightly lower resonant frequency of 6.5 MHz and larger diameters of
approximately 1.13 m and 30 cm and are used. An increase in the overall efficiency when
both receivers are simultaneously powered can be seen in the paper, especially at higher
distances, in comparison to the scenario in which each receiver is considered in isolation. An
important fact is that in this case the receivers are placed one on each side of the large coil
in order to maximize the distance between them and consequently minimize the frequency
splitting and degradation in efficiency mentioned in [27]. Power levels upwards of 25 W
delivered to each of the receivers are reported in the paper. Some additional information
related to this paper is given in [29], by the same authors.
[30] Apart from the usage of flat coils instead of helical coils, there are no major differences
between the apparatus reported in this paper and [13]. However, in this case a model based
on passive circuit elements is used instead of the coupled-mode theory originally used in
[13] and in other related papers such as [14], [28] and [29]. As concluded in [31], the two
approaches are equivalent if the Qs are high but the model based on circuit theory remains
valid for lower Qs whereas the coupled-mode theory does not. This detail is also mentioned
in [28], although briefly. A very important property of strongly coupled magnetic resonances
highlighted in the paper currently under consideration is that a nearly constant efficiency
can be obtained at up to a certain distance if a suitable tuning mechanism is implemented.
Two tuning methods are described in the paper, one based on frequency adaptation and a
second one based on the adjustment of the distance between the receiver coil and the load
coil. Further information on the previously mentioned property is given in chapter 3. Axial
misalignment can also be compensated, although not in extreme cases such as when the
receiver is perpendicular to the transmitter, as clearly shown in the paper. A review paper
related to the previously mentioned subjects, by the same authors, can be found in [32].
[33] In this case the efficiency is tuned by varying the distance between the receiver coil and the
load coil, as in [30], and also the distance between the source coil and the transmitter coil.
Significant efficiency improvements of 46.2% and 29.3% at 60 cm and 1 m, respectively,
are reported. More importantly, the reason for normally using a higher number of turns in
the transmitter and receiver coils than in the source and load coils is also mentioned in
the paper. With such turn ratios, the source and load resistances are converted to larger
effective resistances in parallel to the transmitter and receiver coils, respectively.
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[34] In this paper, an additional flat coil is inserted between the transmitter and receiver coils,
which in this case are helical coils as in [13]. Both a coaxially arranged configuration and
a perpendicularly arranged configuration are considered. The results reported in the paper
show that the addition of an intermediate coil results in an increase in efficiency which
remains consistent as the distance between the transmitter and receiver coils is changed. A
substantial increase in efficiency is reported in the paper in the case of a coaxially arranged
intermediate coil, which clearly demonstrates that in strongly coupled magnetic resonances
the insertion of an additional coil between the transmitter and receiver coils results in an
improvement, despite the fact of that coil not being physically connected to anything.
Naturally, the intermediate coil must be resonant at the same frequency of the transmitter
and receiver coils. A significant increase in efficiency is still achieved if the intermediate
coil is arranged perpendicularly, although not as high as in the case of a coaxially arranged
intermediate coil due to the non-optimal orientation.
[35] Another variation of [13] is reported in this paper, in which the receiver coil is removed. Not
many details are provided in the paper, but the idea is still worth mentioning because it
represents a trade-off between inductive coupling and strongly coupled magnetic resonances
in terms of simplicity of the receiver, alignment, distance and need for tuning, which may
be useful in some applications.
[36] An implementation of strongly coupled magnetic resonances based on open-circuited res-
onant shielded loops is reported in this paper. The open-circuit termination of the loops
creates a capacitance which allows the loops to resonate, in this case at a relatively high
frequency in the order of 37 MHz. An efficiency of 41.8% is achieved at a distance of 35
cm between two circular single-turn loops with a diameter of approximately 21.4 cm. This
is an important result since the loops are geometrically simple and compact, more compact
than [13] or [30], for instance. An efficiency of 36.5% is achieved at a higher distance of 56
cm by using ten turns instead of one for both the transmitter and the receiver. Matching
networks are used to match the shielded loops to the source and the load in both cases.
Information related to the planar implementation of resonant shielded loops can be found
in [37], by the same authors.
[38] This paper can be considered as an extension of [34] in the sense that not one but up to
six intermediate coils are used. Interestingly, maximum efficiency is not obtained when the
coils are all equally spaced but rather when the distances from the transmitter coil to the
first intermediate coil and from the last intermediate coil to the receiver coil are slightly
smaller than the other distances. As pointed out in the paper, this phenomenon might be
explained by the fact that the transmitter and receiver coils are the only ones coupled to only
one adjacent coil instead of two. Several other arrangements are presented, such as curved,
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circular, splitting of one path into two, merging of two paths into one and selection of a
certain path over another based on detuning. These arrangements can be used to control
how power flows in a highly flexible manner. The light fixtures that seemingly float in mid-air
mentioned in sub-section 1.3.2, for instance, make use of the properties described in this
paper. As a last note, resonant frequencies between 505 kHz and 530 kHz are used in this
case, which is significantly lower than what is typically used in strongly coupled magnetic
resonances.
[39] In this paper, a significant increase in efficiency is reported as a result of placing a slab of
metamaterial between the transmitter and receiver coils. The metamaterial acts as a lens,
focusing the magnetic field and consequently increasing the coupling between the coils, and
thus distance. A metamaterial is an artificial material composed of engineered structures
typically much smaller in size than the wavelength under consideration. Unique properties
not normally found in natural materials can be otained with these materials, such as the
negative magnetic permeability which is fundamental in this case, for instance. A variation
of [38] is also reported in this paper, in which all the coils are on the same plane, rather
than coaxially aligned. A demonstration of a toy train moving on an oval-shaped track using
the previously mentioned arrangement is also presented.
[40] This is the first paper in this list in which capacitive coupling is considered instead of a
magnetic coupling. In this case the focus is the transfer of power from the road infrastructure
to electric cars through their tires, taking advantage of the fact that the latter are in principle
always in physical contact with the road. As pointed out in the paper, the absence of an air
gap potentially results in a lower electromagnetic field leakage compared to a power transfer
from the road to the bottom of the car based on strongly coupled magnetic resonances.
In the scenario envisioned in this paper, power is delivered from a pair of conductive lines
installed under the surface of the road to the steel belts normally found inside commercially
available tires, using the high electric permittivity of rubber to increase coupling and thus also
efficiency, either in motion or when the car is stopped. A demonstration of this concept using
two tires placed on top of concrete blocks is reported in the paper. Two other demonstrations
using toy cars of different sizes are also reported.
[41] In this paper, the source, transmitter, receiver and load coils typically used in strongly coupled
resonances are replaced by sets of three concentric orthogonal loops, in which the source and
load loops are placed inside the transmitter and receiver loops, respectively. The purpose of
this design is to minimize the drop in efficiency that occurs when a optimal orientation is
not used, such as in the case when the transmitter and receiver coils are perpendicular to
each other reported in [30]. A more stable efficiency can be obtained with the orthogonal
loops at the cost of more complexity and volume for both the transmitter and receiver, in
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comparison to the flat design proposed in [30], for instance. A simpler, less effective version
with two concentric orthogonal coils is also mentioned in the paper. A related paper can be
found in [42], where the main difference is that the receiver is located inside the transmitter.
[43] In this case, strongly couped magnetic resonances are used in an application where the
medium is salt water, rather than air. Although not many details are given, it is concluded
that efficiencies of approximately 80% can be obtained at distances in the order of 15 cm
and that salt water introduces a loss of about 15% compared to air. A demonstration of the
powering of an halogen lamp across a distance of 26 cm is shown, using a plastic container
filled with water placed between the transmitter and receiver. In the application envisioned,
the receiver would be installed in an autonomous underwater vehicle and the transmitter
would be installed in an underwater charging station, providing an alternative to the use of
wet-mate connectors and the possibility to automate the charging process.
[44] In this case the transmitter consists of a flat conductive surface and the receiver consists
of a tightly wound coil connected to an incandescent light bulb. In order to deliver power
to the conductive surface, one of the terminals of an oscillating circuit is connected to the
mentioned conductive surface and the other terminal is electrically grounded. As mentioned
in the paper, the power transfer is not wireless in the conventional sense of the word since
one of the terminals of the coil is in direct contact with the conductive surface. However,
the circuit is completed wirelessly using the stray capacitance that surrounds the coil. Power
is transferred at the frequency at which the coil resonates with the stray capacitance, in
this case in the order of 2 MHz. This is an important example of two-dimensional spatial
freedom, since the receiver can be placed anywhere in the conductive surface and still receive
power. A demonstration of the transfer of 50 W at an efficiency of 83% from a conductive
surface measuring 25 cm by 25 cm to two incandescent light bulbs of 25 W each is reported
in the paper. As a last note, a physical contact between the transmitter and the receiver
is not absolutely necessary and an efficiency in the order of 80% can still be obtained with
gaps of up to 3 cm, as mentioned by the same authors in [45].
[46], [47], [48] These papers and [2] are similar in the sense that the use of resonant electrical
coupling as a method for wirelessly transferring power is the main topic addressed in all of
them. Additional information about this subject is given in chapters 4 and 5.
[49] This paper provides an example of the use of coils terminated with capacitors in a scenario
where the receiver coil is moving in relation to the transmitter coil. In this particular case
the application is the transfer of power to a computer mouse from the mouse pad directly
underneath, meaning a small gap. The mouse only receives power when the receiver coil is
aligned with the transmitter coil installed in the center of the mouse pad so a super-capacitors
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is installed in the receiver to act as a buffer. As reported in the paper, a fully charged super-
capacitor is enough to power the computer mouse for 13 minutes and takes only 10 seconds
to charge. With these values the receiver only needs to be aligned with the transmitter 1%
of the time to guaranty a continuous operation, which is something significant. In both this
paper and [44] the goal is to achieve two-dimensional spatial freedom, but the strategies
used are quite different. A frequency of 120 kHz is used in this case. An extended version
of this paper focused on the communication between the mouse pad and the mouse can be
found in [50].
[51] A receiver designed to be compatible with both inductive wireless power transfer at 100 kHz
and resonant wireless power transfer at 6.78 MHz is reported in this paper. The receiver
consists of two coils arranged concentrically, each one optimized for each of the previously
mentioned frequencies. Efficiencies of 84% in inductive mode and 82% in resonant mode
are mentioned in the paper for an output power level of 2.5 W. The choice of frequencies is
related to the support of both the Qi standard, based mainly on inductive coupling, and the
standard from Power Matters Alliance, based on resonant magnetic coupling. An extended
version of the paper currently under analysis can be found in [52]. Additional information
related to the subject of standardization in wireless power is provided in sub-section 2.3.2.
[53] As in [35], in this paper the receiver is also composed by a single coil instead of two. The size
and simplicity of the receiver are very important properties in this particular case because
the goal is to wirelessly deliver power to hearing aids, which are very small devices. The
transmitter is unique in the sense that the transmitter coil is designed to have the shape
of a bowl. Such shape is used in order to make the position of the hearing aid in the bowl
less relevant in the efficiency of the power transfer. The receiver coil is fully embedded into
the hearing aid but the rechargeable battery and communication modules are not, due to
size constraints. In this case ferrite sheets are used in the receiver coil to improve coupling.
As reported in the paper, the battery in the hearing aid can be charged with an efficiency
of approximately 30% in most locations within the bowl if the receiver coil is in a parallel
arrangement. In a perpendicular arrangement the efficiency is lower but it is still possible
to charge the battery except for a dead zone near the center of the transmitter coil. It is
important to notice that even though most of the transmitted power is not received by the
hearing aid and thus lost, this power loss is not critical due to the low power levels involved.
This is a clear example of convenience over efficiency.
[54] The subject of this paper is the capacitive transfer of power to an electrical vehicle using a
docking station that adapts to the shape of the electrical vehicle. As the vehicle pulls into
the docking station, two conducting foils adhered to the surface of the bumper press against
the foam on the charging area, bringing the surfaces together and improving coupling due
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to the reduction of the air gap. As mentioned in the paper, there is a possibility for multiple
vehicle charging as the conductive strips in the charging station can be extended along the
length of a wall, for instance. There is no direct contact between the bumper of the vehicle
and the charging station as the latter is covered by an insulation layer. The insulation layer
also works as a dielectric material which helps to increase capacitance. A demonstration of
a power transfer to an electric vehicle with an efficiency of 83% at 540 kHz is reported in
the paper.
[55] As in [54], this paper also contains a variation of the typical use of capacitive coupling. In this
case the receiver is implemented using multiple small hexagonal cells paired with individual
half-bridge rectifiers instead of the usual two plates. The transmitter is implemented using
severals strips of alternating polarity instead of the usual two plates. The reason for this
approach is to increase coupling and therefore two-dimensional spatial freedom, as in [44].
[56] A charger designed to simultaneously deliver power to a smartphone and a smartwatch using
magnetic resonance at 6.78 MHz is described in this paper. The charger is shaped as a
vertical cylinder, with turns in the middle of the cylinder to provide power to the watch
and turns at the top to provide power to the smartphone. It is more intuitive to charge a
smartwatch with this design than with the more typical planar chargers as the shape of a
smartwatch is not suitable to a planar charging pad, hence the cylindrical design. A ferrite
sheet is used to shield the electronic components at the base of the charger. An efficiency
of 48% is reported in the paper for the case in which the smartphone and the smartwatch
are charged at a rate of 5 W and 1.15 W, respectively.
[57] The topic of simultaneous delivery of power to multiple receivers is also the focus of this pa-
per. In this case the concepts of frequency tracking, power tracking and adaptive impedance
matching are used to dynamically tune up to five receivers and the transmitted signal for
optimal power delivery, including the case in which different power levels are needed by each
receiver. The transmitter consists of an array of five coils over which the receivers are sup-
posed to be placed, in close proximity. The ability to prioritize and isolate specific receivers
using time-division multiplexing is demonstrated in the paper by sequentially powering each
one of the receivers while detuning all the others.
[58] Long helical coils with a relatively small cross-section in an orientation perpendicular to the
typical coaxial orientation are reported in this paper. Both the form factor of the coils and
their orientations are different from what is normally seen in other papers, such as [30].
Another difference is that in this case stepped magnetic cores significantly longer than the
coils are used in order to intensify the magnetic field by a factor of about 50, according
to what is reported in the paper. The purpose of the stepped core is to minimize core
loss for a given amount of ferrite material, as mentioned in the paper. Efficiencies of 29%,
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16% and 8% for output power levels of 1403, 471 and 209 W for distances of 3, 4 and 5
meters are reported in the paper, at 20 kHz. Efficiencies of 46%, 31%, 15% and 6% for
distances of 2, 3, 4 and 5 meters and an output power of 5 W are also reported in the
paper, at 105 kHz. The use of cores limits the operating frequency due to losses, hence the
low frequencies. An additional paper related to this subject can be found in [59], where two
coils with magnetic cores arranged in an orthogonal manner are used instead of one in order
to achieve omnidireccional power transfer, thus using a strategy similar to [41].
[60] In this last paper, a variation of [13] in which the source and load coils are coupled to
the transmitter and receiver coils, respectively, using lumped transformers with ferrite cores
instead of air. This approach results in a more compact size, as in [36]. Since the couplings
between the source coil and transmitter coil and between the receiver coil and the load coil
are not as critical as the coupling between the transmitter and receiver coils, a reasonable
efficiency can still be achieved at a reasonable distance. A power transfer of 10 W with an
efficiency of 80.2% at a distance of 13 cm is reported in the paper, at 500 kHz. As in [58],
in this case the frequency is also limited due to the use of cores.
Many different proposals with the goal of enhancing spatial freedom can be found in the
literature. A significant part of these proposals consists of variations of the original apparatus of
resonant magnetic coupling, such as simultaneous wireless power transfer to several receivers of
different sizes and the use of additional objects placed between the transmitter and the receiver
to increase distance. These additional objects can be resonators or layers of metamaterials. In the
case of additional resonators, interesting arrangements have been proposed to control power flow,
such as straight, curved, circular, splitting of one path into two or merging of two paths into one.
The use of concentric orthogonal coils with the goal to minimize drops in efficiency caused by
non-optimal orientations has also been proposed in different configurations, including for instance
the case in which the receiver is placed inside the transmitter. Several proposals also exist in the
topic of two-dimensional spatial freedom, based on single-contact wireless power transfer, energy
buffering as an alternative to complete coverage, and the use of capacitive coupling based on
multiple cells paired with individual rectifiers.
2.3 Current state of wireless power in society
As mentioned in [61], wireless power is currently in the process of transitioning from a technology
to an industry. The desire to simplify and add a new level of convenience to the powering and
charging of electronic devices is driving the consumer expectation for wireless power. Several
products are already on the market and the number of patents related to wireless power has
increased significantly over the last few years, as described in the next sub-section. The second
sub-section contains information related to the standardization of wireless power.
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2.3.1 Market adoption
Two of the most influential patents in the field of wireless power are clearly [62] and [63]. These
patents were filed shortly before [13], by the same authors, and refer to the same apparatus. These
patents are currently part of the portfolio of Witricity, a company formed at that time that has
experienced a tremendous growth in the last few years. Many other patents were filed by Witricity
in the meantime but the two patents previously mentioned are the most critical. Additionally, a
patent closely related to the system proposed in [30] can be found in [64]. Very importantly, [65]
is a patent related to resonant electrical coupling. From the point of view of circuit topologies,
the material in this patent is related to chapter 4. No other related publications were found in the
literature. Some patents related to plain capacitive coupling also exist, such as [66]. Some more
detailed information related to this patent can be found in [19], including the potential advantages
of capacitive coupling listed in sub-section 1.3.3. Patents related to the use of inductive coupling
also exist, such as [67], for instance. In this particular example, a set of coils is installed in the
front of a vehicle in the space where the license plate is usually placed. The charging process is
initiated when the vehicle is parked near a charging station equipped with a similar set of coils.
Since the gap between the transmitter and receiver is small, the sizes of the coils can also be small
and potentially less expensive. This is a variation of the typical inductive charging where coils are
mounted on the underside of the vehicle and the ground. Interest in wireless vehicle charging has
already been expressed be several car manufacturers, such as BMW in [68], for instance. According
to [69], most of the patenting activity is in inductive coupling and in application areas related to
smartphones, cameras, laptops and computers. Furthermore, a large number of patents in the field
of wireless power is owned by either Samsung, Qualcomm or LG. Some of the largest smartphone
manufacturers have already started to integrate wireless charging features in their flagship devices
as early as 2013. Some examples are the Lumia 830 from Nokia, the Galaxy S4 from Samsung,
the Droid DNA from HTC and the Nexus 4 from LG and Google. In addition, Intel seems to
be preparing the first completely wireless computer for 2016. In a different industry, IKEA has
announced the launch of bedside tables, lamps and desks with wireless chargers built-in. Lastly,
various wireless power kits such as [70] and [71] were recently launched in the market.
2.3.2 International standards
A single, universal standard supporting multiple power needs and supported by a wide range of
brands makes total sense in wireless power, as pointed out in [72], in order to avoid a fragmented
industry. While this goal has not been achieved yet, significant progress has been made in the
last few years. The Wireless Power Consortium was the first standardization group formed. As
mentioned in [12], this group was formed in December 2008 by several companies such as Texas
Instruments, Philips and Sanyo. Following the Wireless Power Consortium, the Power Matters
Alliance and the Alliance for Wireless Power were also formed. By June 2013 the numbers of
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members of these groups had increased to over 140, over 80 and over 40, respectively, as reported
in [73]. By January 2014 these numbers had further increased to over 180, over 100 and over
60, as reported in [74]. Very recently, the Power Matters Alliance and the Alliance for Wireless
Power have merged into a single organization under the name AirFuel Alliance. As of December
2015, the number of members of the Wireless Power Consortium and the AirFuel Alliance are
230 and 195, respectively. As can be seen by these data, the number of companies interested in
wireless power has been increasing significantly. In fact, it is not unusal for companies to support
all groups, rather than just one. Wireless Power Consortium is traditionally more associated with
inductive coupling and AirFuel Alliance is mainly based on strongly coupled magnetic resonances.
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Chapter 3
Resonant magnetic coupling
3.1 Summary
This chapter contains a circuit analysis of strongly coupled magnetic resonances based on the
circuit model generally accepted in the literature as the equivalent. Although in [13], [15] and [14]
this method is described using coupled-mode theory, circuit theory is currently more widely used.
Several realizations of the circuit are presented using typical parameters reported in the literature
as reference.
3.2 Circuit model
Even though relatively simple, the model shown in figure 3.1 is accurate and also the most widely
used in the literature. The main objectives in this analysis are to obtain compact, manageable
mathematical expressions for comparison with the analysis presented in chapter 4. Matching the
circuit of figure 3.1 to the diagram of figure 1.2 is straightforward since each loop in the circuit
corresponds to a coil in the diagram. In [13], R1, R2, R3, R4, C2 and C3 are all parasitic elements.
In contrast, C1 and C4 are actual capacitors added to the single-turn loops to ensure that they
resonate at the frequency at which the helical coils self-resonate. It is important to note that
in many publications, [13] included, the couplings between the source and transmitter coils and
between the receiver and load coils are described as inductive but in reality are resonant due to
the added capacitors. The source and load resistances are represented by RI and RO, respectively,
and VI is the input voltage. As for magnetic couplings, L1 is coupled to L2, L2 is coupled to L3
and L3 is coupled to L4. Using M to represent mutual inductance and j as the imaginary unit it
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is possible to write
(RI +R1 + jwL1 − j/[wC1])I1 + jwM12I2 − VI = 0 (3.1)
jwM12I1 + (R2 + jwL2 − j/[wC2])I2 + jwM23I3 = 0 (3.2)
jwM23I2 + (R3 + jwL3 − j/[wC3])I3 + jwM34I4 = 0 (3.3)
jwM34I3 + (R4 + jwL4 − j/[wC4])I4 + VO = 0 (3.4)
ROI4 − VO = 0. (3.5)
Solving (3.2) for I1 and substituting in (3.1) gives
K1I2 + jwM23Z1I3 + jwM12VI = 0, (3.6)
in which
Z1 = RI +R1 + jwL1 − j/(wC1) (3.7)
Z2 = R2 + jwL2 − j/(wC2) (3.8)
and
K1 = Z1Z2 + w
2M212 (3.9)
or, using the magnetic coupling coefficient k12,
K1 = Z1Z2 + w
2k212L1L2, (3.10)
since
M12 = k12
√
L1L2. (3.11)
Solving (3.3) for I2 and substituting in (3.6) gives
(K1Z3 + w
2M223Z1)I3 + jwM34K1I4 − w
2M12M23VI = 0, (3.12)
in which
Z3 = R3 + jwL3 − j/(wC3). (3.13)
Solving (3.4) for I3 and substituting in (3.12) gives
(K1K2 + w
2M223Z1Z4 −RO[K1Z3 + w
2M223Z1])I4 + jw
3M12M23M34VI
+ (K1Z3 + w
2M223Z1)VO = 0, (3.14)
in which
Z4 = RO +R4 + jwL4 − j/(wC4) (3.15)
and
K2 = Z3Z4 + w
2M234 (3.16)
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or, equivalently,
K2 = Z3Z4 + w
2k234L3L4, (3.17)
since
M34 = k34
√
L3L4. (3.18)
Solving (3.5) for I4 and substituting in (3.14) gives
VO/VI = −jw
3ROM12M23M34/(K1K2 + w
2M223Z1Z4). (3.19)
Considering
M23 = k23
√
L2L3, (3.20)
(3.19) can be rewritten as
VO/VI = −jw
3ROk12k23k34L2L3
√
L1L4/(K1K2 + w
2k223L2L3Z1Z4). (3.21)
Using the operator ℜ{} to represent “real part of”, the relationship between average power,
voltage and current is given by
P = ℜ{V I∗}/2. (3.22)
In the case of RO, (3.22) can be rewritten as
PO = |VO|
2/(2RO) (3.23)
because RO is purely real. The power source (composed by VI and RI) is able to supply at most
PA = |VI |
2/(8RI), (3.24)
considering the case of a matched load. Using (3.23) and (3.24) the available power gain can be
written as a function of the voltage gain obtained in (3.21) as
PO/PA = 4RI |VO/VI |
2/RO. (3.25)
VI
VO
I1 I2 I3 I4
RI ROR1 R2 R3 R4
L1 L2 L3 L4
C1 C2 C3 C4
Figure 3.1: Circuit model most widely used in the literature to represent resonant magnetic cou-
pling. Each loop in this circuit corresponds to the coil in the same relative position in figure
1.2.
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The response of this model as a function of frequency for k23 equal to 0.002, 0.005, 0.008,
0.011, 0.017, 0.02, 0.03, 0.06, 0.11 and 0.18 considering the parameters listed in table 3.1 is
illustrated in figures 3.2 and 3.3. The reference values were selected based on the values typically
found in the literature, in particularl [30]. For k23 equal to 0.002 only a very small fraction of the
power generated at the transmitter is received by the load. As k23 is increased the available power
gain also increases and a resonant behavior can be clearly observed. In figure 3.2 the frequency
at which the maximum gain is obtained is the same in all cases. Also, for k23 equal to 0.017,
which is still a low value, the gain is already almost at 0.6. This is a very important aspect and is
what best distinguishes resonant magnetic coupling from inductive coupling, where high magnetic
coupling coefficients are required for high efficiency. As can be seen in figure 3.3, the resonant
frequency splits into two as k23 is increased from 0.02 to 0.03. Increasing k23 further (up to 0.18
in this analysis) results in a larger separation between resonances. The splitting is approximately
symmetrical. A very interesting property of resonant magnetic coupling is that the maximum gain
remains very stable after the splitting occurs. Therefore, for a certain range of magnetic coupling
coefficients, or distances, there is essentially no variation in gain.
Table 3.1: Reference parameters used in the analysis of the model represented in figure 3.1.
Parameter Value
RI , RO 50 Ω
R1, R4 2 Ω
R2, R3 10 Ω
C1, C4 140 pF
C2, C3 5 pF
L1, L4 1 µH
L2, L3 28 µH
k12, k34 0.1
The ideal scenario in resonant magnetic coupling is when R1, R2, R3 and R4 are reduced to
zero or, equivalently, when the Qs tend to infinity. Since there are no resistive losses, the maximum
gain reaches 1, and in this case with k23 as low as 0.02, as can be seen in figure 3.4. A maximum
gain of 1 means that all the power available in the transmitter is effectively delivered to the load.
Compared to the reference figures 3.2 and 3.3, the resonances are sharper. This means that such
a system would be very sensitive to detuning. It can be clearly seen in this case that Q plays a
major role in the power transfer.
The effect of doubling L3 and reducing the value of C3 by the same ratio is shown in figure 3.5.
Compared to the reference, the maximum gain increases by about 0.05. However, it is reasonable
to expect that an increase in L3 would most likely result in an increase of R3 and that would
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Figure 3.2: Available power gain as a function of frequency for k23 equal to 0.002 (curve 1), 0.005,
0.008, 0.011 and 0.017 (curve 5), calculated using (3.21) and (3.25), considering the parameters
listed in table 3.1.
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Figure 3.3: Available power gain as a function of frequency for k23 equal to 0.02 (curve 1), 0.03,
0.06, 0.11 and 0.18 (curve 5), calculated as described in the caption of figure 3.2.
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Figure 3.4: Available power gain as a function of frequency for k23 equal to 0.002 (curve 1), 0.008,
0.02, 0.06 and 0.11 (curve 5), calculated as described in the caption of figure 3.2, but with R1,
R2, R3 and R4 all reduced to 0.
reduce the gain. In conclusion, the results are not much different from the reference. The opposite
case, in which C3 is doubled and L3 is reduced by the same ratio is presented in figure 3.6. A
decrease of about 0.1 in maximum gain compared to the reference can be observed in this case.
However, a lower L3 would most likely result in a lower value of R3, which in turn would increase
the maximum gain. In conclusion, as shown in figures 3.5 and 3.6, resonant magnetic coupling
seems to be compatible with different values of L3 and C3, as long as their product, and therefore
the resonant frequency, do not change.
If however the product does change, a significant decrease of maximum gain can be observed.
In this case L3 was reduced by just 5%. As can be seen in figure 3.7, for k23 values below 0.011
the gain is negligible. Furthermore, two resonant frequencies are observed even at lower k23 values.
Higher values of k23 are required for achieving a maximum gain close to the reference.
Finally, figure 3.8 shows the effect of increasing k34 from 0.1 to 0.3. The result is an increase
of maximum gain to 0.65, which is about 0.1 higher than the reference. This particularly high gain
is obtained for k23 equal to 0.06. At all the other k23 values the gain is lower than the reference.
Also, no frequency splitting is observed in this case. In conclusion, the gain can be optimized for a
certain k23 (or equivalently distance) by adjusting k34. Although not shown, adjusting k12 yields
similar results.
24
12
3
4
5
Frequency (MHz)
12 12.5 13 13.5 14 14.5 15
A
va
ila
b
le
p
ow
er
ga
in
0
0.2
0.4
0.6
0.8
1
Figure 3.5: Available power gain as a function of frequency for k23 equal to 0.002 (curve 1), 0.008,
0.02, 0.06 and 0.11 (curve 5), calculated as described in the caption of figure 3.2, but with L3
increased to 56 µH (twice the reference value) and C3 reduced to 2.5 pF (half the reference value).
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Figure 3.6: Available power gain as a function of frequency for k23 equal to 0.002 (curve 1), 0.008,
0.02, 0.06 and 0.11 (curve 5), calculated as described in the caption of figure 3.2, but with L3
reduced to 14 µH (half the reference value) and C3 increased to 10 pF (twice the reference value).
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Figure 3.7: Available power gain as a function of frequency for k23 equal to 0.011 (curve 1), 0.017,
0.02, 0.06 and 0.11 (curve 5), calculated as described in the caption of figure 3.2, but with L3
reduced to 26.6 µH (-5%).
1
2
3
4
5
Frequency (MHz)
12 12.5 13 13.5 14 14.5 15
A
va
ila
b
le
p
ow
er
ga
in
0
0.2
0.4
0.6
0.8
1
Figure 3.8: Available power gain as a function of frequency for k23 equal to 0.005 (curve 1), 0.008,
0.02, 0.06 and 0.11 (curve 5), calculated as described in the caption of figure 3.2, but with k34
increased from 0.1 to 0.3.
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Chapter 4
Resonant electrical coupling
4.1 Summary
In the first part of this chapter a study of resonant electrical coupling based on circuit theory is
presented. A proof of concept is considered afterwards, based on the conclusions obtained from
the theoretical analysis. In the last part of the chapter the possibility of constructively combining
resonant magnetic coupling and resonant electrical coupling is considered.
4.2 Feasibility study
In the next sub-section an analysis of the circuit selected to represent resonant electrical coupling
is presented. This analysis follows a similar procedure to the procedure used in chapter 3 for
resonant magnetic coupling. A slightly different circuit considered during the initial part of this
study is mentioned in the second sub-section. In the last sub-section some parasitic capacitances
that may be important in some implementations of the selected circuit are analyzed.
4.2.1 Selected circuit model
In this part, resonant electrical coupling is analyzed based on the circuit model presented in
figure 4.1. The main purpose of the analysis is to link specific parameter variations to specific
output variations. In the model, the power source is represented by the voltage source VI plus
the resistance RI and the load is represented by RO. The capacitive coupling between the source
and the load is represented by C3 and C4. The remaining capacitances C1 and C2 are included
in the model to resonate with L1 and L2, respectively. Lastly, the losses in L1 and L2 are taken
into account in R1 and R2. If C3 and C4 are considered as an admittance two-port network
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(highlighted in the figure by the dashed lines) it is possible to write
(RI +R1 + jwL1)I3 + jwM12I4 + V1 − VI = 0 (4.1)
I1 − I3 + jwC1V1 = 0 (4.2)
I2 + I4 + jwC2V2 = 0 (4.3)
jwM12I3 + (R2 + jwL2)I4 − V2 + VO = 0 (4.4)
ROI4 − VO = 0 (4.5)
I1 − Y11V1 − Y12V2 = 0 (4.6)
I2 − Y21V1 − Y22V2 = 0, (4.7)
in which
Y11 = jwC3C4/(C3 + C4) (4.8)
Y12 = −Y11 (4.9)
Y21 = −Y11 (4.10)
Y22 = Y11. (4.11)
Solving (4.6) for I1 and substituting in (4.2) gives
I3 −K1V1 − Y12V2 = 0, (4.12)
in which
K1 = Y11 + jwC1. (4.13)
Solving (4.7) for I2 and substituting in (4.3) gives
I4 + Y21V1 +K2V2 = 0, (4.14)
in which
K2 = Y22 + jwC2. (4.15)
Solving (4.14) for V2 and substituting in (4.12) gives
K2I3 + Y12I4 −K3V1 = 0, (4.16)
in which
K3 = K1K2 − Y12Y21. (4.17)
Substituting (4.14) also in (4.4) gives
jwM12I3 + (R2 + jwL2 + 1/K2)I4 + Y21V1/K2 + VO = 0. (4.18)
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Solving (4.16) for V1 and substituting in (4.1) gives
(Z1 +K2/K3)I3 + (Y12/K3 + jwM12)I4 − VI = 0, (4.19)
in which
Z1 = RI +R1 + jwL1. (4.20)
Substituting (4.16) also in (4.18) gives
(Y21/K3 + jwM12)I3 + (R2 + jwL2 + 1/K2 + Y12Y21/[K2K3])I4 + VO = 0. (4.21)
Solving (4.5) for I4 and substituting in (4.21) gives
RO(Y21/K3 + jwM12)I3 + (Z2 + 1/K2 + Y12Y21/[K2K3])VO = 0, (4.22)
in which
Z2 = RO +R2 + jwL2. (4.23)
Substituting (4.5) also in (4.19) gives
(Z1 +K2/K3)I3 − VI + (Y12/K3 + jwM12)VO/RO = 0. (4.24)
Solving (4.22) for I3 and substituting in (4.24) gives
VO/VI = RO(Y21 + jwM12K3)/(jwM12[Y12 + Y21]− w
2M212K3 + Y12Y21Z1Z2
− [1 +K1Z1][1 +K2Z2]). (4.25)
Considering
M12 = k12
√
L1L2, (4.26)
(4.25) can be rewritten as
VO/VI = RO(Y21 + jwk12
√
L1L2K3)/(jwk12
√
L1L2[Y12 + Y21]− w
2k212L1L2K3
+ Y12Y21Z1Z2 − [1 +K1Z1][1 +K2Z2]). (4.27)
The available power gain can be calculated with (3.25) as before, but in this case using the voltage
gain from (4.27) instead of (3.21).
The response of this model as a function of frequency for C3 equal to 0.02, 0.05, 0.09, 0.14,
0.24, 0.27, 0.35, 0.54, 0.81 and 1.2 pF considering the parameters listed in table 4.1 is illustrated
in figures 4.2 and 4.3. It is important to note that no magnetic coupling is considered between
the inductances L1 and L2 in this part, which means that the source and the load are assumed
to be only coupled capacitively through C3 and C4. The parameters from table 4.1 are similar to
the parameters used in the analysis presented in chapter 3. Lastly, C4 is always considered equal
to C3.
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VI
VO
V1 V2
I1 I2
I3 I4
RI RO
R1 R2L1 L2
C1 C2
C3
C4
Figure 4.1: Circuit model considered in the study of resonant electrical coupling. The left and right
parts of the circuit are coupled by C3 and C4.
Table 4.1: Reference parameters used in the analysis of the model represented in figure 4.1.
Parameter Value
RI , RO 50 Ω
R1, R2 12 Ω
C1, C2 5 pF
L1, L2 28 µH
k12 0
Figures 4.2 and 4.3 are similar to figures 3.2 and 3.3 in several aspects. For lower values of C3, in
this case 0.02 pF, only a very small of the available power is effectively received by the load. As C3
is increased the available power gain also increases and a resonant behavior can be observed. This
behavior is generally the same as in resonant magnetic coupling. The most significant difference
is that in this case the resonant frequency decreases slightly as C3 is increased. For C3 equal
to 0.24 pF, which is still a small value, the gain is already slightly above 0.6. The difference in
peak gain is not critical since obtaining an equal gain in both cases is simply a matter of slightly
adjusting the resistive elements. This is what best distinguishes resonant electrical coupling from
capacitive coupling. As C3 is further increased from 0.27 to 0.35 pF the resonant frequency splits
into two. Continuing to increase C3 (up to 1.2 pF in this case) results in a wider spacing between
resonances. Unlike in resonant magnetic coupling, however, the splitting is highly asymmetrical,
as the upper resonant frequency barely moves. The maximum gain remains very stable after the
splitting occurs. Thus, for a range of C3 values, or distances, the variation in gain is minimal.
Figure 4.4 shows the ideal scenario in which R1 and R2 are reduced to zero or, equivalently,
when the Qs tend to infinity. Without the losses caused by the resistive components the maximum
gain reaches 1, in this case with C3 as low as 0.27 pF. A maximum gain of 1 means that all the
power available in the transmitter is effectively delivered to the load. In this case the sensitivity
to detuning is more significant. Since the resonances are sharper, the tuning has to be better in
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Figure 4.2: Available power gain as a function of frequency for C3 equal to 0.02 (curve 1), 0.05,
0.09, 0.14 and 0.24 pF (curve 5), calculated using (4.27) and (3.25), considering the parameters
listed in table 4.1.
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Figure 4.3: Available power gain as a function of frequency for C3 equal to 0.27 (curve 1), 0.35,
0.54, 0.81 and 1.2 pF (curve 5), calculated as described in the caption of figure 4.2.
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order to avoid substantial losses in efficiency. It can be clearly seen in this case that Q plays a
major role in the power transfer, just as in resonant magnetic coupling.
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Figure 4.4: Available power gain as a function of frequency for C3 equal to 0.02 (curve 1), 0.09,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with
R1 and R2 reduced to 0.
The effect of doubling L2 and reducing the value of C2 by the same ratio is shown in figure 4.5.
As can be seen in the figure, the gain increases faster than the reference as C3 is increased and sta-
bilizes at approximately the same value. The splitting, however, begins sooner and the resonances
are sharper. In this case there is a significant difference in gain between the two resonances, with
the upper resonance not reaching the maximum gain reached by the lower resonance. As shown
in figure 4.6, if both L1 and L2 are doubled and C1 and C2 reduced to half this difference in gain
is no longer observed.
The opposite case of figure 4.5, in which L2 is reduced to half and C2 is doubled is presented
in figure 4.7. In this case the gain increases at a slower rate. The curve corresponding to C3 equal
to 0.02 pF is replaced by 0.05 pF because the gain is negligible at 0.02 pF. As shown in figure
4.8, if both L1 and L2 are reduced to half and C1 and C2 are doubled the behavior becomes
slighly more symmetrical. In this case the rate at which the gain increases is even lower. The curve
corresponding to C3 equal to 0.02 pF is replaced by 0.14 pF due to negligible gain.
Finally, figure 4.9 shows the effect of reducing L2 by 5%. For C3 values below 0.05 pF the
gain is negligible. Furthermore, two resonant frequencies are observed even at lower C3 values.
Higher values of C3 are required for achieving a maximum gain close to the reference. In resonant
magnetic coupling the gain degradation caused by an equivalent mismatch is similar.
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Figure 4.5: Available power gain as a function of frequency for C3 equal to 0.02 (curve 1), 0.09,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with
L2 increased to 56 µH (twice the reference value) and C2 reduced to 2.5 pF (half the reference
value).
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Figure 4.6: Available power gain as a function of frequency for C3 equal to 0.02 (curve 1), 0.09,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with L1
and L2 increased to 56 µH (twice the reference values) and C1 and C2 reduced to 2.5 pF (half
the reference values).
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Figure 4.7: Available power gain as a function of frequency for C3 equal to 0.05 (curve 1), 0.09,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with
L2 reduced to 14 µH (half the reference value) and C2 increased to 10 pF (twice the reference
value).
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Figure 4.8: Available power gain as a function of frequency for C3 equal to 0.09 (curve 1), 0.14,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with
L1 and L2 reduced to 14 µH (half the reference values) and C1 and C2 increased to 10 pF (twice
the reference values).
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Figure 4.9: Available power gain as a function of frequency for C3 equal to 0.05 (curve 1), 0.09,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with L2
reduced to 26.6 µH (-5%).
4.2.2 Alternative circuit
Figure 4.10 shows a circuit model that was considered together with the circuit from figure 4.1
during the initial study of resonant electrical coupling. Although comparable results can be obtained
with both circuits with similar component values, the circuit from figure 4.1 is more convenient
from the point of view of the implementation of a proof of concept, as shown in sections 4.3 and
5.2.
VI
VO
RI ROR1 R2
L1 L2
C1 C2C3
C4
Figure 4.10: Alternative circuit model considered during the initial study of resonant electrical
coupling.
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4.2.3 Effect of parasitic capacitances
If the two-port network mentioned earlier is replaced by the network shown in figure 4.11 the
admittance parameters presented in (4.8), (4.9), (4.10) and (4.11) become
Y11 = jw(C3C4 + C3C6 + C4C5 + C5C6)/D (4.28)
Y12 = jw(C5C6 − C3C4)/D (4.29)
Y21 = Y12 (4.30)
Y22 = jw(C3C4 + C3C5 + C4C6 + C5C6)/D, (4.31)
in which
D = C3 + C4 + C5 + C6. (4.32)
The effect of the capacitances C5 and C6 in the response of the model is shown in figure 4.12,
considering
C5 = C3/2 (4.33)
C6 = C5. (4.34)
It may be needed to consider these additional unwanted couplings in a practical implementation
depending on the physical proximity of C3 and C4, and hence this analysis. In general, as C5 and
C6 increase, the gain degradation becomes much more pronounced. In the worst-case scenario,
when the product C5C6 is equal to C3C4, (4.29) and (4.30) become zero and thus (4.27) and
(3.25) also become zero. As a last note, the calculations shown in this sub-section are related with
the calculations presented in [55].
C3
C4
C5
C6
Figure 4.11: Additional capacitances C5 and C6 taken into account in the circuit of figure 4.1.
4.3 Proof of concept
An illustration of the proof of concept designed to validate the model from figure 4.1 is presented
in figure 4.13. The system consists of two identical devices. One of the devices is used as a power
transmitter and the other is used as a receiver. Each device is composed by a coil and two identical
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Figure 4.12: Available power gain as a function of frequency for C3 equal to 0.05 (curve 1), 0.09,
0.27, 0.54 and 0.81 pF (curve 5), calculated as described in the caption of figure 4.2, but with C5
and C6 increased from 0 to half of C3.
conductive plates. A capacitance exists between the two conductive plates in each device, as they
are physically close to each other. These are the capacitances that implement C1 and C2 from
the model. This is convenient because the capacitances are necessarily there and this way they
can be used to implement part of the system. This is also the reason why the circuit from figure
4.1 is more convenient than the circuit from figure 4.10 in terms of implementation. The coupling
between the transmitter and the receiver is represented by C3 and C4. Larger conductive plates
help to increase the values of these capacitances and thus the available power gain. In this case,
however, it may be more challenging to keep C1 and C2 low enough to avoid a behavior similar
to the behavior shown in figure 4.8.
Figure 4.13: Graphical illustration of resonant electrical coupling proposed based on the circuit
model shown in figure 4.1.
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4.4 Possibility of hybrid coupling
In the previous sections, the coupling between L1 and L2 has always been considered zero, meaning
only electrical coupling. In this part the effect of this coupling is also taken into account. In other
words, the left and right parts of the circuit are considered to be coupled electrically through
C3 and C4 and also magnetically through k12. Figure 4.14 shows the effect of increasing k12
from 0 to 0.06 while keeping C3 fixed at 0.05 pF. As can be seen, the gain increases as k12 is
increased. In other words, the combination of both coupling techniques effectively results in an
improvement. On the other hand, figure 4.15 shows the effect of increasing C3 from 0 to 0.54
pF while keeping k12 fixed at 0.005. As can be seen, the gain increases as C3 is increased. The
existence of asymmetry in the frequency splitting depends on which kind of coupling is the largest
contributor. In this last figure the largest contributor is electrical coupling so the splitting is more
asymmetrical. In figure 4.14 the largest contributor is magnetic coupling so the splitting is more
symmetrical. This hybrid coupling is the subject of [4].
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Figure 4.14: Available power gain as a function of frequency for k12 equal to 0 (curve 1), 0.002,
0.008, 0.02 and 0.06 (curve 5), calculated as described in the caption of figure 4.2, but with C3
always equal to 0.05 pF.
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Figure 4.15: Available power gain as a function of frequency for C3 equal to 0 (curve 1), 0.02,
0.09, 0.27 and 0.54 pF (curve 5), calculated as described in the caption of figure 4.2, but with
k12 increased from 0 to 0.005.
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Chapter 5
Experimental results
5.1 Summary
In the first part of this chapter the implemented prototype based on the illustration of figure 4.13 is
described. The scattering parameters of the prototype are then presented. Efficiency measurements
using an RF-to-DC converter are then presented. In the last part of the chapter some additional
observations made during measurements are described.
5.2 Prototype
A photograph of the proof-of-concept prototype developed based on the illustration from figure
4.13 is shown in figure 5.1. The prototype consists of two mirrored resonators, each one composed
by a 16 by 16 cm board made of FR-4 with two large copper zones of equal areas and a coil
mounted on the back side. Since the copper zones in each device are implemented in the same
piece of FR-4, the distance between them remains constant at all times, which ensures that the
values of C1 and C2 are stable. One of the most significant challenges in the implementation
of resonant electrical coupling is the design of the inductors. In particular, it is very difficult to
build an inductor that achieves a high value of inductance at a relatively high frequency, with
low resistive losses. In addition, such inductor also has to have a relatively high self resonant
frequency, in order to minimize resistive losses. Building high quality inductors is one of the most
significant challenges in the design of near-field wireless power systems, as mentioned in [75]. In
this prototype both coils have a diameter of 3.6 cm, 40 turns, are both made of 0.8 mm diameter
stranded copper wire and were both constructed by hand in order to create an inductance large
enough to make the prototype resonate between 12 and 15 MHz. The construction of the coils
previously described was made based on available materials and formulas typically used in the
estimation of the inductance of solenoids, in particular
L = µ0πd
2N2/(4l), (5.1)
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in which µ0 is the magnetic permability of free space (since no cores are used), d is the diameter
of the coil, N is the number of turns and l is the length.
Figure 5.1: Photograph of the prototype used in the experimental validation of the model from
figure 4.1.
5.3 Scattering parameters
This section contains the scattering parameters of the previously described prototype measured at
distances of 10, 20, 60, 90 and 500 cm. In this test the resonators were placed front to front on top
of polystyrene supports approximately 1 m high and connected to an HP 8753D network analyzer,
as shown in figure 5.2. As can be seen in the |S21| presented in figure 5.3, a resonant behavior can
be effectively observed in practice. For shorter distances, which correspond to higher C3 values,
two distinct resonant frequencies can be observed and the separation between them becomes
smaller as the distance is increased, as expected. In addition, the lower resonance moves faster
than the upper resonance, although the difference is not as noticeable as seen in figure 4.3, for
instance. Some aspects are, however, are clearly not in agreement with the theoretical predictions.
For instance, the amplitude of the peaks is not identical. It was observed that the difference
between the peaks changes depending on where the experimental setup is mounted, meaning that
this difference is most likely due to interference caused by nearby objects, in particular objects
made of metal. Additionally, the resonant frequencies do not converge even when the distance is
increased up to 500 cm. In fact, |S21| changes very little between 90 and 500 cm, for instance. The
reason for this behavior is most likely an additional coupling path established inside the network
analyzer which prevents the coupling to decrease from a certain point as the distance is increased.
At shorter distances both this additional coupling and the normal coupling contribute to the result.
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As the distance is increased, the normal coupling decreases but the additional coupling remains
relatively constant, hence the small change from 90 to 500 cm. The peak values of figure 5.3 are
listed in tables 5.1 and 5.2.
Figure 5.2: Experimental setup for measuring the scattering parameters of the prototype shown
in figure 5.1.
Figure 5.4 shows 6 S21. As expected, the zero crossings in this figure occur approximately at
the same frequencies where |S21| is maximum. These zero crossings are listed in table 5.3. Figures
5.5 and 5.6 show |S12| and 6 S12. As expected, since the two devices in the prototype are identical,
there are virtually no differences between |S21| and |S12|, and between 6 S21 and 6 S12.
For the purposes of wireless power transfer, |S21| is the most important result as this parameter
is an indicator of power flow from the transmitter to the receiver. For the sake of completeness,
|S11|, 6 S11, |S22| and 6 S22 are also presented, in figures 5.7, 5.8, 5.9 and 5.10, respectively. As
expected, the minima in these figures match the maxima in |S21|.
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Figure 5.3: Measured |S21| as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
Table 5.1: Primary peak |S21| values from figure 5.3 and corresponding frequencies.
Curve |S21| (dB) Frequency (MHz)
1 -2.31 12.06
2 -2.73 12.78
3 -2.78 13.41
4 -2.91 13.5
5 -3.38 13.56
Table 5.2: Secondary peak |S21| values from figure 5.3 and corresponding frequencies.
Curve |S21| (dB) Frequency (MHz)
1 -4.4 14.73
2 -4.7 14.4
3 -5.13 14.04
4 -5.05 13.95
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Figure 5.4: Measured 6 S21 as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
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Figure 5.5: Measured |S12| as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
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Figure 5.6: Measured 6 S12 as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
Table 5.3: Values of 6 S21 closest to zero from figure 5.4 and corresponding frequencies.
Curve 6 S21 (
◦) Frequency (MHz)
1 -4.84 12.06
1 -176.68 14.73
2 2 12.72
2 179.88 14.43
3 -5.04 13.35
3 178.85 14.19
4 -4.49 13.44
4 -179.13 14.16
5 -2.66 13.47
5 179.12 14.16
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Figure 5.7: Measured |S11| as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
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Figure 5.8: Measured 6 S11 as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
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Figure 5.9: Measured |S22| as a function of frequency for distances equal to 10 (curve 1), 20, 60,
90 and 500 cm (curve 5).
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Figure 5.10: Measured 6 S22 as a function of frequency for distances equal to 10 (curve 1), 20,
60, 90 and 500 cm (curve 5).
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5.4 Use of an RF-to-DC converter
A photograph of the RF-to-DC converter designed to test the prototype can be seen in figure
5.11, on the left. This RF-to-DC converter is based on a Dickson configuration and composed by
a 1.8 µH matching inductor (immediately after the connector) then three capacitors, two of 39
pF (center and right on the photograph) and one of 47 pF, three HSMS-282 Schottky diode pairs
(series configuration) and then two 47 pF capacitors. At the end of the voltage multiplier is a 6.8
µF capacitor in parallel with an LED. In the right part of the photograph is an identical RF-to-DC
converter in which the LED was replaced by a 680 Ω resistor, which is approximately equivalent to
the LED when the latter is turned on. A schematic of the circuit is given in figure 5.12. The |S11|
of this second RF-to-DC converter as a function of frequency is shown in figure 5.13 for power
levels of 2, 4, 6, 8 and 10 dBm. As can be seen, its impedance is reasonably matched to 50 Ω in
the considered frequency band.
Figure 5.11: Photograph of the two RF-to-DC converters used to test the prototype from figure
5.1.
5.4.1 Distance
The voltage measured at the 680 Ω resistor as a function of frequency for distances of 12, 16,
20, 24 and 30 cm is shown in figure 5.14, considering a transmitted power of 16 dBm and the
resonators always front to front, at a fixed distance of 5 cm from the floor. In this test one of
the resonators was connected to an HP E4433B signal generator and the other resonator was
connected to the RF-to-DC converter, as shown in figure 5.15. A resonant behavior was observed
as expected, and in this case the resonances effectively converge when the distance is increased,
unlike the case of figure 5.3. Table 5.4 shows the peak voltage and corresponding frequency for
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Figure 5.12: Schematic of the RF-to-DC converter with the LED.
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Figure 5.13: Measured |S11| as a function of frequency for power levels equal to 2 (curve 1), 4, 6,
8 and 10 dBm (curve 5).
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each one of the curves represented in figure 5.14. An estimate for the available power gain can be
obtained by connecting the transmitter and receiver cables directly, thus bypassing the prototype,
measuring the power levels needed to generate the same peak voltages at the same frequencies,
and then subtracting 16 dBm from those power levels.
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Figure 5.14: Measured voltage as a function of frequency for distances equal to 12 (curve 1), 16,
20, 24 and 30 cm (curve 5), considering a transmitted power of 16 dBm.
Figure 5.15: Experimental setup for measuring the voltage at the output of the RF-to-DC converter.
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Table 5.4: Available power gain calculated for the peak voltages presented in figure 5.14.
Curve Frequency Voltage Bypass Gain
(MHz) (V) power
(dBm)
1 14.28 2.41 13.88 0.61
2 14.07 2.4 13.58 0.57
3 13.95 2.25 13.3 0.54
4 13.89 2.08 12.74 0.47
5 13.86 1.8 11.78 0.38
5.4.2 Angle
Angles of -90, -40, 40 and 90◦ were also considered at 16 cm. As can be seen in figure 5.16,
the peak voltage increases for negative angles and decreases for positive angles. This difference is
most likely the result of a non-negligible mutual inductance between the coils which can be either
constructive or destructive. This result was the main motivation for the analysis of the constructive
combination between resonant electrical coupling and resonant magnetic coupling considered in
section 4.4. The estimated values of the available power gain for this case, calculated as previously
described, can be seen in table 5.5. As a final note, the 40◦ case is the case represented in figure
5.1.
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Figure 5.16: Measured voltage as a function of frequency for angles equal to -90 (curve 1), -40, 0
(same as in figure 5.14), 40 and 90◦ (curve 5), considering a transmitted power of 16 dBm and a
distance of 16 cm.
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Table 5.5: Available power gain calculated for the peak voltages presented in figure 5.16.
Curve Frequency Voltage Bypass Gain
(MHz) (V) power
(dBm)
1 14.19 2.5 14.04 0.64
2 14.19 2.44 13.92 0.62
4 14.01 2.24 13.26 0.53
5 13.92 2.13 12.9 0.49
5.5 Additional observations
It was observed during the experiments made with the RF-to-DC converter that external objects
can be used to significantly increase distance. In the case shown in figure 5.17, for instance, placing
aluminum foil between the transmitter and the receiver results in the LED being lit at a distance
of about 4 times the original distance, which is obviously significant. This behavior, however, is
extremely inconsistent.
Figure 5.17: Extension of maximum distance based on the insertion of a conductive object between
the transmitter and the receiver.
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Chapter 6
Conclusions
6.1 Summary
The demonstration of the use of strongly coupled magnetic resonances reported in [13] caused
a major impact in the field of wireless power transfer. For the first time, a significant amount
of power was transferred across a distance equal to several times the dimensions of the devices
involved, with at very reasonable efficiency and, very importantly, using a very simple apparatus.
In addition to the technical merit, the demonstration also benefited from excelent timing, as it
was made at a time when a convenient and simplified way to charge the multiple types of battery-
powered wireless electronic devices in the market was in high demand. For the reasons previously
mentioned, the demonstration received a significant attention from the research community, from
the industry and from the press, ultimately resulting in the establishment of a new category of
wireless power transfer that has been growing ever since. In fact, it is not unreasonable to conclude
that the effect was larger than that, as the interest in wireless power in general has increased very
significantly in the last few years.
In contrast, the use of resonance in capacitive coupling is in a very early stage of development.
However, as described in chapter 4, high efficiencies can be potentially achieved with very low
coupling capacitances if the resistive losses are reduced. This is similar to resonant magnetic
coupling in the sense that high efficiencies can also be achieved with very low magnetic coupling
coefficients if the resistive losses are reduced, as shown in chapter 3. Furthermore, the flexibility in
the design of the electrodes mentioned in sub-section 1.3.3 may be very useful in some applications.
A wireless transfer of power based on resonant electrical coupling is demonstrated in chapter 5,
from a signal generator to an LED with efficiencies of 61% and 38% at distances of 12 cm and
30 cm, respectively, using two devices measuring approximately 16 cm by 16 cm by 3.6 cm. A
relatively low variation of efficiency in case of a rotational misalignment, particularly when the
receiver is perpendicular to the receiver, can also be observed in the same chapter. This can be
seen as an advantage in comparison to the drop in efficiency reported in [30], for the case of
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resonant magnetic coupling. However, this is most likely caused by the constructive combination
of both electrical and magnetic coupling addressed in section 4.4, rather than resonant electrical
coupling alone.
It is important to highlight that the circuit parameters used in the simulations presented
in chapters 3 and 4 were selected in order to link specific output variations with specific input
variations such as component mismatches or absence of resistive losses. The estimation of circuit
parameters from measured data in the case of resonant electrical coupling was not carried out and
is thus mentioned here as future work. More future work includes the simulation of the devices
described in chapter 5 in a three-dimensional electromagnetic simulator in order to take into
account the interaction between the coil and the two electrodes in each device. In addition, it
also makes sense to study the insertion of additional objects in simulation, such as in figure 5.17,
as these may be used to extend distance. Lastly, it is very important at this point to focus on
a specific application, with specific constraints such as dimensions and power levels, in order to
effectively prove the usefulness of resonant electrical coupling in practice.
6.2 Concluding remarks
Transferring power from one device to another using a wire will most likely always be more efficient
than wireless, and probably less expensive. In addition, a wired connection is far less likely to create
interference with other systems. However, the convenience of using wireless power is obvious and
significant. Eliminating a power connector is something extremely important, as discussed in sub-
section 1.3.1. In fact, some future devices may not even have space for a connector. Plenty of
examples of the convenience of using wireless power can be found in the literature. Applications
of wireless power in a kitchen environment, for instance, are given in [76]. As the spatial freedom
increases, so does the number of potential applications of wireless power. This is why spatial
freedom is currently so valuable and was also the main reason for the study reported in this
document.
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AbstractIn this paper, the feasibility of resonant electrical cou-
pling as a wireless power transfer technique is studied. A detailed
comparison between this technique and the more popular resonant
magnetic coupling based on circuit theory is provided. In this com-
parison, the strong duality that exists between the two techniques is
demonstrated. The analytical results obtained are compared with
the results measured with a proof-of-concept prototype.
Index TermsResonant capacitive coupling, resonant coupling,
resonant electrical coupling, resonant hybrid coupling, resonant
magnetic coupling, wireless power transfer.
I. INTRODUCTION
T HE RESEARCH on wireless power transfer dates backto the famous experiments carried out by Nikola Tesla
at the turn of the 20th Century. His goal was to build a net-
work of towers that would pump large amounts of energy into
the atmospheric layers at moderate altitudes. He was convinced
that these layers and the planet would behave as good elec-
trical conductors and wanted to prove that it would be possible
to use them to transfer energy to anywhere in the planet with
very little loss. The accumulated energy would then be collected
as needed wirelessly. Tesla managed to secure the necessary
funding to begin the construction of the ﬁrst of these towers in
1901. The Wardenclyffe tower (the name by which this tower
became known) was an impressive structure composed by a
very large coil wound around a 60-m mast with a 1-m diameter
copper ball placed at the top. Also impressive were the 300 kW
supplied to the tower at 150 kHz (the resonant frequency of the
coil) and the electric potential produced at the sphere, which was
in the order of 10 V (according to Tesla himself). According
to the reports of the journalists of that time, Tesla managed to
light up 200 50-W incandescent lamps located 42 km away from
the tower (see [1]). Despite the encouraging results, the lack of
funding brought the construction to a halt and a few years later,
in 1917, the tower was demolished. The principle of operation
behind the Wardenclyffe tower relied on concepts still widely
used today such as oscillating voltages and currents, magnetic
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induction, capacitor charging and discharging, and resonators
(more details in [2]).
The severe lack of ﬁnancial resources, which ultimately
resulted in the failure of Wardenclyffe, was for the most part
due to the signiﬁcant advancements in the ﬁeld of wireless
communications, in particular long range. As a result, investors
shifted from power to communications, and so did research.
Wireless power was only brought back later in the 1960s by
William C. Brown. Brown conducted several experiments
with 2.45-GHz microwave tubes and was the ﬁrst to coin
the term rectenna (which is an antenna especially designed
for receiving and rectifying microwaves). One of his main
accomplishments took place at the Jet Propulsion Laboratory
(JPL), Pasadena, CA, USA, in 1975. He was able to transmit
30 kW from a parabolic antenna with a diameter of 26 m to
a 3.4 by 7.2 m rectenna placed 1.6 km away. The maximum
efﬁciency achieved was 82.5% (rectiﬁcation only), obtained at
2.388 GHz, and the power transmitted by the parabolic antenna
was 450 kW. Prior to this demonstration, Brown had already
been involved in several other smaller projects related to the
same subject. In 1964, he succeeded in transmitting power
wirelessly to a tethered helicopter, and four years later to a
free-ﬂying version, both at 2.45 GHz. In 1975, he was able
to transmit 495 W with a total dc-to-dc efﬁciency of 54%.
Although successful, these experiments (which are described
in detail in [3] by Brown himself) were signiﬁcantly expensive,
and in most cases, too large for any practical applications.
In 2007, a team of researchers at the Massachusetts Institute
of Technology (MIT), Cambridge, MA, USA, led by Prof.
Marin Soljačić proposed a novel and very innovative wireless
power technique, which combines the concepts of inductive
coupling and magnetic resonance very effectively. Resonant
magnetic coupling takes advantage of the fact that the coupling
between two coils can be very strong even if the magnetic cou-
pling coefﬁcient is very low (for instance, in the order of 0.01).
For this to happen the coils must resonate at the same frequency
and also have very high quality factors. From this discovery
resulted several publications of great scientiﬁc ([4], and in
particular, [5]) and industrial ([6], [7], and others) importance.
Resonant magnetic coupling was ﬁrst demonstrated using a
prototype consisting of two single-turn coils and two helical
coils. In this prototype, the copper wires used to build the coils
had a cross-sectional diameter of 6 mm (a rather large value
in order to minimize losses, and thus increase ). The outer
diameter of the helical coils was 60 cm (not very small, but not
unreasonable). Using this prototype, the researchers were able
to light up a 60-W incandescent light bulb placed at a distance
0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Circuit model used in the analytical analysis of resonant electrical cou-
pling.
of 2 m. More importantly, they managed to do so with a transfer
efﬁciency of 40%. A very interesting result, especially given
the fact that it was obtained with such a simple apparatus.
Unsurprisingly, the attention given to this demonstration by
the media was quite remarkable. One of the key features of
resonant magnetic coupling is the balanced tradeoff between
efﬁciency, range, simplicity (cost), size, and power transfer
capability.
In this paper, which is an extension of [8], the feasibility
of resonant electrical coupling as a wireless power transfer
technique is studied. In this version, a more detailed analytical
analysis of resonant electrical coupling is provided. More-
over, a comparison with resonant magnetic coupling, which
demonstrates the strong duality between the two techniques,
is included. Novel experimental results based on the use of an
RF-to-dc converter are also included. This paper also extends
the results reported in [9] and [10], especially in terms of
theoretical analysis and measurements. No other publications
related to the use of resonant electrical coupling for wireless
power transfer were found.
II. MODEL OF RESONANT ELECTRICAL COUPLING
Here, the relevance of resonant electrical coupling for wire-
less power transfer will be analyzed based on the circuit model
presented in Fig. 1. The purpose of the analysis is to link speciﬁc
parameter variations to speciﬁc output variations. In the model,
the power source is represented by the voltage source plus
the resistance and the load is represented by . No mag-
netic coupling is considered between the inductances and
, which means that the source and the load are assumed to be
only coupled capacitively through and . The remaining
capacitances and are included in the model to resonate
with and , respectively. Lastly, the losses in and
are taken into account in and . An analytical analysis of
resonant magnetic coupling is given in the Appendix for com-
parison purposes, in particular to demonstrate the strong duality
that exists between the two techniques. If and are con-
sidered as an admittance two-port network (highlighted in the
ﬁgure via the dashed line), it is possible to write
(1)
(2)
(3)
(4)
and for the complete model,
(5)
(6)
(7)
(8)
(9)
(10)
(11)
The voltage gain can be calculated from the previous set
of equations and written as
(12)
in which
(13)
(14)
and
(15)
(16)
Since the power delivered to is
(17)
and the power source is able to supply at most (considering a
matched load) a power of
(18)
the available power gain can be written as a function of the
voltage gain presented in (12) using
(19)
The response of the model as a function of frequency for
equal to 0.02, 0.06, 0.3, 0.4, and 0.9 pF considering the param-
eters listed in Table I is shown in Fig. 2. These parameters were
selected based on the parameters used for resonant magnetic
coupling (in order to ensure a fair comparison), which, in turn,
were based on [11]. Also, is assumed to always have the
same value as . This assumption is not unreasonable since
a variation in the physical distance between the power source
and the load is likely to affect and in the same way. In
the ﬁgure, it can be seen that if is very small (which corre-
sponds to a larger separation between the plates), only a very
small fraction of the power available in the source reaches the
load, as expected. In fact, if tends to zero then (1)–(4) all tend
to zero, and as a consequence, (12) and thus (19) tend to zero
as well. As is increased, the resonant behavior becomes ev-
ident. If is increased beyond approximately 0.3 pF, the peak
gain no longer improves and instead the resonance splits into
two. An important conclusion that can be drawn from this ﬁgure
is that signiﬁcant gains can be obtained with relatively small
values. It is this aspect that best distinguishes this technique
from plain capacitive coupling. Before the splitting occurs, the
resonant frequency can be estimated using
(20)
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TABLE I
REFERENCE PARAMETERS USED IN THE ANALYSIS
OF THE CIRCUIT MODEL FROM FIG. 1
Fig. 2. Available power gain as a function of frequency for equal to 0.02
(curve 1), 0.06, 0.3, 0.4, and 0.9 pF (curve 5).
Fig. 3. Available power gain as a function of frequency for equal to 0.02
(curve 1), 0.06, 0.3, 0.4, and 0.9 pF (curve 5) with and reduced to zero.
with equal to 1 or 2. The behavior shown in Fig. 2 is in general
similar to the behavior shown in Fig. 18 for resonant magnetic
coupling. The most noticeable difference is clearly the more
asymmetrical frequency splitting. The difference in peak gain
is not important since obtaining an equal gain in both cases is
simply a matter of slightly adjusting the resistive elements. The
strong dependency between the peak gain and the resistive el-
ements is illustrated in Fig. 3. As a result of reducing and
to zero, the peak gain increases to the maximum possible
value. This is clearly the ideal case in which all the power avail-
able at the source is delivered to the load. In resonant magnetic
coupling, the change in behavior is identical if , , , and
are reduced to zero, as can be seen in Figs. 18 and 19. In
general, the peak gain tends to 1 as the resistive elements tend
to zero (higher ’s) and vice versa. For the same product
in (20), the response of the model can change substantially. As
an example, in Fig. 4, and are doubled and and
are reduced to half. Compared to Fig. 2, the gain increases con-
siderably faster, and as expected, the peak value remains the
same. In this case, however, the resonances are narrower and an
inductance with twice the value (signiﬁcantly more difﬁcult to
Fig. 4. Available power gain as a function of frequency for equal to 0.02
(curve 1), 0.06, 0.3, 0.4, and 0.9 pF (curve 5) with and increased to 56
H and and reduced to 2.5 pF.
Fig. 5. Available power gain as a function of frequency for equal to 0.3
(curve 1), 0.4, 0.9, 1.3, and 2 F (curve 5) with and increased to 10 pF
and and reduced to 14 H.
implement) is required. If instead and are doubled and
and are reduced to half, the behavior is the opposite, as
illustrated in Fig. 5. In this case, the gain increases at a slower
rate and the resonances are wider. Additionally, the peak value
is only reached when is in the order of 1.3 pF. In this ﬁgure,
the curves corresponding to equal to 0.02 and 0.06 pF were
not considered because the gain at these lower values is negli-
gible. Lastly, the response of the model after a reduction of 10%
in (without reducing by the same amount) is illustrated in
Fig. 6. The mismatch causes the two parts of the model to res-
onate at different frequencies, which ultimately leads to a sub-
stantial gain degradation. As can be seen in the ﬁgure, the peak
value is still not reached even when is increased to 2 pF. Fur-
thermore, for the ﬁrst time, two distinct resonances are always
present, even at the lower values. Once again, the curves cor-
responding to equal to 0.02 and 0.06 pF were not considered
due to the negligible gain. As can be seen in Fig. 20, in resonant
magnetic coupling the gain degradation caused by an equivalent
mismatch is very similar.
If the two-port network mentioned earlier is replaced by the
network shown in Fig. 7, the admittance parameters presented
in (1)–(4) become
(21)
(22)
(23)
(24)
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Fig. 6. Available power gain as a function of frequency for equal to 0.3
(curve 1), 0.4, 0.9, 1.3, and 2 pF (curve 5) with reduced to 25.2 H 10% .
Fig. 7. Additional capacitances and considered in the circuit model of
Fig. 1.
Fig. 8. Available power gain as a function of frequency for equal to 0.3
(curve 1), 0.4, 0.9, 1.3, and 2 pF (curve 5) with and set to 70% of .
in which
(25)
The effect of the capacitances and in the response of the
model is shown in Fig. 8, considering
(26)
(27)
Once again, the curves corresponding to equal to 0.02 and
0.06 pF were not considered due to negligible gain. It may be
needed to consider these additional unwanted couplings in a
practical implementation depending on the physical proximity
of and , and hence, this analysis. In this case, the peak
value is only reached when is in the order of 2 pF. In gen-
eral, as and increase, the gain degradation becomes much
more pronounced. In the worst case scenario, when the product
is equal to , (22) and (23) become 0, and thus, (12)
and (19) also become 0.
III. EXPERIMENTAL RESULTS
A photograph of the proof-of-concept prototype developed
to validate the model from Fig. 1 is shown in Fig. 9. The pro-
totype consists of two identical (mirrored) resonators, each one
composed by a 16 by 16 cm board made of FR-4 with two large
copper zones of equal areas and a coil mounted on the back side.
Assuming the resonator on the left as the transmitter, the copper
zone marked with the letter A in the photograph implements the
left half of , B implements the left half of , and E imple-
ments . As for , the value of this capacitance depends on
the distance between A and B. On the receiver side, C imple-
ments the right half of , D implements the right half of ,
and F (not visible) implements . Similarly to , the value of
depends on the distance between C and D. It is important to
notice that since the distances between A and B and between C
and D are kept constant by the FR-4, a signiﬁcant mismatch be-
tween and is less likely to occur. Moreover, using smaller
copper zones results in a smaller size, but also lower values of
and for the same distance, which, in turn, result in a lower
available power gain. If the copper zones are larger, the effect is
the opposite. In this case, however, it may be more challenging
to keep and low enough to avoid the behavior previ-
ously illustrated in Fig. 5. In this prototype, both coils have a
diameter of 3.6 cm, 40 turns, are both made of 0.8-mm diam-
eter stranded copper wire, and were both constructed by hand
in order to create an inductance large enough to make the pro-
totype resonate between 12 and 15 MHz.
A. Scattering Parameters
The of the prototype as a function of frequency for the
distances of 10, 20, 60, 90, and 500 cm is given in Fig. 10. In
this test, the resonators were placed front to front on top of poly-
styrene supports approximately 1 m high and connected directly
to an HP 8753D network analyzer. One of the most important
conclusions that can be drawn from this ﬁgure is that a resonant
behavior can be effectively observed in practice. For shorter dis-
tances (which correspond to higher values), two distinct res-
onant frequencies can be observed, and as the distance is in-
creased, the separation becomes smaller, as expected. In addi-
tion, the lower resonance moves faster than the upper resonance,
even though the difference is not as extreme as in Fig. 2. Some
aspects, however, are clearly not in agreement with the theoret-
ical predictions. For instance, the amplitude of the peaks is not
identical. Also, the resonant frequencies do not converge even
when the distance is increased up to 500 cm, and as a matter
of fact, changes very little between 90 and 500 cm. Al-
though these aspects were not expected, they were observed
consistently across several measurements and also conﬁrmed
with a second network analyzer, an Agilent E8361C. As for the
remaining parameters, no signiﬁcant differences were found be-
tween and as expected, and and can be
seen in Figs. 11 and 12, respectively. Although not identical,
DIAS FERNANDES et al.: RESONANT ELECTRICAL COUPLING: CIRCUIT MODEL AND FIRST EXPERIMENTAL RESULTS 2987
Fig. 9. Photograph of the prototype used in the experimental validation of the
model from Fig. 1.
Fig. 10. Measured as a function of frequency for distances equal to 10
(curve 1), 20, 60, 90, and 500 cm (curve 5). Some of the experimental points
are connected by lines.
Fig. 11. Measured as a function of frequency for distances equal to 10
(curve 1), 20, 60, 90, and 500 cm (curve 5). Some of the experimental points
are connected by lines.
these two parameters are both minimum at the same frequen-
cies that maximize . The peak values from Fig. 10 and
corresponding frequencies are given in Table II.
B. RF-to-DC Converter
A photograph of the RF-to-dc converter designed to further
test the prototype can be seen in Fig. 13, on the left. This
Fig. 12. Measured as a function of frequency for distances equal to 10
(curve 1), 20, 60, 90, and 500 cm (curve 5). Some of the experimental points
are connected by lines.
TABLE II
MAXIMUM VALUES FROM FIG. 10
AND CORRESPONDING FREQUENCIES
Fig. 13. Photograph of the two RF-to-dc converters used to test the prototype
from Fig. 9.
RF-to-dc converter is based on a Dickson conﬁguration and is
composed by a 1.8- H matching inductor (immediately after
the connector), then three capacitors, two of 39 pF (center and
right on the photograph) and one of 47 pF, three HSMS-282
Schottky diode pairs (series conﬁguration), and then two 47-pF
capacitors. At the end of the voltage multiplier is a 6.8- F
capacitor in parallel with an LED. On the right part of the
photograph is an identical RF-to-dc converter in which the
LED was replaced by a 680- resistor (which is approximately
equivalent to the LED when the latter is turned on). of
this second RF-to-dc converter as a function of frequency is
shown in Fig. 14 for power levels of 2, 4, 6, 8, and 10 dBm.
As can be seen, its impedance is reasonably matched to 50
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Fig. 14. Measured as a function of frequency for power levels equal to
2 (curve 1), 4, 6, 8, and 10 dBm (curve 5). Some of the experimental points are
connected by lines.
Fig. 15. Measured voltage as a function of frequency for distances equal to 12
(curve 1), 16, 20, 24, and 30 cm (curve 5) considering a transmitted power of
16 dBm. Some of the experimental points are connected by lines.
in the considered frequency band. The voltage measured at
the 680- resistor as a function of frequency for distances of
12, 16, 20, 24, and 30 cm is shown in Fig. 15, considering a
transmitted power of 16 dBm and the resonators always front
to front, at a ﬁxed distance of 5 cm from the ﬂoor. In this test,
one of the resonators was connected to an Agilent E4433B
signal generator and the other resonator was connected to
the RF-to-dc converter. A resonant behavior was observed as
expected, and in this case, the resonances effectively converge
when the distance is increased. This means that the results
shown in Fig. 10, especially curve 5, are most likely caused
by an additional coupling path established inside the network
analyzers. Table III shows the peak voltage and corresponding
frequency for each one of the curves represented in Fig. 15.
An estimate for the available power gain can be obtained by
connecting the transmitter and receiver cables directly (thus
bypassing the prototype), measuring the power levels needed
to generate the same peak voltages at the same frequencies
and then subtracting 16 dBm from those power levels. This
information is also included in Table III. Angles of 90, 40,
40, and 90 were also considered at 16 cm. As can be seen
in Fig. 16, the peak voltage increases for negative angles and
decreases for positive angles. This difference is most likely
the result of a non-negligible mutual inductance between the
coils, which can be either constructive or destructive. More
information on this last subject can be found in [12]. The
estimated values for the available power gain in this case can
TABLE III
AVAILABLE POWER GAIN CALCULATED FOR THE
PEAK VOLTAGES PRESENTED IN FIG. 15
Fig. 16. Measured voltage as a function of frequency for angles equal to 90
(curve 1), 40, 0, 40, and 90 (curve 5) considering a transmitted power of 16
dBm. Some of the experimental points are connected by lines.
TABLE IV
AVAILABLE POWER GAIN CALCULATED FOR THE
PEAK VOLTAGES PRESENTED IN FIG. 16
be seen in Table IV. As a ﬁnal note, the 40 case is the case
represented in Fig. 9.
IV. CONCLUSION
Resonant magnetic coupling is currently one of the most
popular techniques in the ﬁeld of wireless power transfer. One
of the major reasons for this popularity is the balanced tradeoff
between efﬁciency, range, simplicity (cost), size, and power
transfer capability that can be achieved with this technique.
Resonant electrical coupling is not as popular as resonant mag-
netic coupling at this point, but the potential of this technique is
signiﬁcant. As a matter of fact, from a theoretical point of view,
resonant electrical coupling and resonant magnetic coupling
are quite similar. One of the main objectives in this paper
was to highlight the strong duality that exists between these
two techniques (in general, and also in speciﬁc conditions,
such as component mismatches or no resistive losses). The
second main objective in this paper was to demonstrate that
a resonant behavior can be effectively observed in practice.
Future work will focus on a better characterization of resonant
electrical coupling and also on the possibility of constructively
combining the two types of coupling in order to create a hybrid
coupling with improved performance.
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Fig. 17. Circuit model most commonly used in the analytical analysis of reso-
nant magnetic coupling.
TABLE V
REFERENCE PARAMETERS USED IN THE ANALYSIS
OF THE CIRCUIT MODEL FROM FIG. 17
Fig. 18. Available power gain as a function of frequency for equal to 0.002
(curve 1), 0.005, 0.023, 0.035, and 0.08 (curve 5).
Fig. 19. Available power gain as a function of frequency for equal to 0.002
(curve 1), 0.005, 0.023, 0.035, and 0.08 (curve 5) with , , , and
reduced to zero.
APPENDIX
Currently the circuit model shown in Fig. 17 is the model
most widely used to describe the behavior of resonant magnetic
coupling (see, for instance, [11], [13], or [14]). In this model,
is considered to be coupled to , is considered to be
coupled to , is considered to be coupled to , and the
power is transferred from the source represented by plus
Fig. 20. Available power gain as a function of frequency for equal to
0.023 (curve 1), 0.035, 0.08, 0.1, and 0.2 (curve 5) with reduced to 25.2
H % .
to the load represented by . Using to represent mutual
inductance, it is possible to write
(28)
(29)
(30)
(31)
(32)
The voltage gain can be calculated from the previous set
of equations and written as
(33)
in which
(34)
(35)
and
(36)
(37)
(38)
(39)
and also
(40)
(41)
(42)
The response of this model as a function of frequency for
equal to 0.002, 0.005, 0.023, 0.035, and 0.08 considering
the parameters listed in Table V is illustrated in Fig. 18. In this
case, (19) remains valid and (20) can also still be used with
equal to 1, 2, 3, or 4 to estimate the resonant frequency before
2990 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 63, NO. 9, SEPTEMBER 2015
the splitting occurs. As can be seen in the ﬁgure, signiﬁcant
gains can be obtained with relatively small values. It is this
aspect that best distinguishes this technique from plain inductive
coupling. In Fig. 19, the effect of reducing , , , and
to zero is shown. In Fig. 20, the effect of reducing by 10%
(without also reducing ) is shown.
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Behavior of resonant electrical coupling in terms of range and relative
orientation
Ricardo Dias Fernandes, Joa˜o Nuno Matos, Nuno Borges Carvalho
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Departamento de Electro´nica, Telecomunicac¸o˜es e Informa´tica, Universidade de Aveiro
Aveiro, Portugal
Abstract—The subjects addressed in this document fall under
the topic of wireless power transmission (WPT). Power is
transferred using a novel coupling technique based on electrical
coupling and resonance across a distance of 5 meters with 40%
efﬁciency. The experimental results obtained so far suggest that
the efﬁciency of the proposed system remains stable when the
relative orientation between the transmitter and the receiver is
altered. The prototypes used in the experiments measure 16
by 16 cm by 3.7 cm at most. The ratio between the range of
the system and the maximum dimension of each prototype is
therefore around 30.
Index Terms—Resonant electrical coupling; resonant capaci-
tive coupling; resonant coupling.
I. INTRODUCTION
The very ﬁrst implementation of a device designed for
wireless power transmission (WPT) was initiated in 1901.
It consisted of a very large coil wound around a mast of
about 60 m in height. At the top of mast was a massive 1
m diameter copper ball. This device, which became known
as the Wardenclyffe tower, was envisioned by Nikola Tesla
a few years before. Tesla’s goal was to build a network of
these towers so that energy could be collected wirelessly all
over the globe. According to the journalists of that time, Tesla
managed to light up 200 50 W incandescent lamps located
42 km away from the tower, using 300 kW and a frequency
of 150 kHz[1]. Despite these encouraging results, the lack of
funding brought the project to a halt and a few years later
the tower was demolished. The theory of operation behind
the system proposed by Tesla makes use of concepts such
as oscillating voltages and currents, capacitor charging and
discharging, resonators and magnetic induction[2].
Several important discoveries in the ﬁeld of wireless com-
munications were made in the years that followed Tesla’s
experiments. As a result, the development of wireless tech-
nologies focused on communications rather than power trans-
mission. It was only during the 1960s that the topic of WPT
was brought back by W. C. Brown. He carried out many kinds
of WPT experiments with 2.45 GHz microwave tubes and
was the ﬁrst to coin the term rectenna, which he used to
describe an antenna speciﬁcally designed for receiving and
rectifying microwaves. One of his major accomplishments
took place in 1975 at the Jet Propulsion Laboratory, California,
and consisted in the transmission of 30 kW from a 26 m
diameter parabolic antenna to a 3.4 by 7.2 m rectenna placed
1.6 km away. A rectifying efﬁciency of 82.5% was achieved at
2.388 GHz using a transmitted power of 450 kW[3]. Brown’s
experiments became well known mainly because of the large
power levels and distances involved. However, the equipment
required for the demonstrations was very large and particularly
expensive, and thus not suitable for any realizable practical
applications. Moreover, most high efﬁciency microwave WPT
systems (including the previous one) tend to make use of
highly directive antenna conﬁgurations. This approach results
in a higher efﬁciency if the alignment between transmitter and
receiver is perfect, but a lower efﬁciency otherwise. The need
for aligment is one of the most important issues in a WPT
system. For example, in laser-based systems a very precise
alignment (and clear line of sight) between the transmitter
and the receiver is needed at all times. This requirement,
together a costly equipment, a high complexity and the risk
of serious accidents (permanent eye injuries for instance) help
explain why laser systems are generally discarded in the WPT
literature. The role of lasers in WPT may however change
substantially in the future, particularly if progress is made in
the photovoltaic receivers in terms of the optical to electrical
conversion efﬁciency.
More recently, in 2007, a team of researchers at the Mas-
sachusetts Institute of Technology (MIT) made a substantial
contribution to the state of the art of WPT. They proposed a
system composed of 4 copper coils (largest diameter of 60 cm,
wire cross sectional radius of 3 mm). Using this conﬁguration
they were able to light up a 60 W incandescent light bulb
placed 2 m away with an efﬁciency of 40%. The attention
drawn by the demonstration was remarkable. The system
seemed to be already close to a commercial product, much
closer than other WPT systems proposed before, especially
given the apparently simple apparatus. This technique takes
advantage of the strong magnetic coupling formed between
coils with very high Qs (quality factors) at resonance[4], [5].
The ﬁrst coil, a single turn loop, is connected to a power source
and the second coil, a multi turn coil, is placed near the ﬁrst
loop on the same axis. A capacitor is added to the loop in order
to make it resonant at the frequency at which the multi turn
coil self-resonates. The receiver is deﬁned in a similar fashion,
except that the loop is in this case connected to the load of
the system. Each one of the loops is magnetically coupled to
the nearest multi turn coil because of the close proximity. In
addition, the multi turn coils are also magnetically coupled to
each other because their very high Qs counteract the effect
of distance. Thus, it becomes possible to transfer power from
the source to the load. It should be noted that even though
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the efﬁciency is maximized only when all coils share the
same axis, the loss of efﬁciency due to misalignment is not
substantial unless the transmitter and the receiver are placed
nearly perpendicular to each other, as shown in [6]. The
resonant magnetic coupling (RMC) remains very popular in
the literature because of its balanced set of features.
Even though the number of RMC-based implementations
reported in the literature is quite large, WPT systems based
on electrical coupling are rare and often limited in one or
more key attributes such as range, for instance[7]. In this work
a novel WPT system based on resonant electrical coupling
(REC) is proposed and analyzed, both theoretically and ex-
perimentally.
II. PROPOSED SYSTEM
Figures 1 and 2 represent the conceptual diagram and the
circuit model of the proposed WPT system, respectively.
Fig. 1. Conceptual diagram of the proposed system.
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LIRLI
CI CO
RLO
RO VO
LOCP
CN
Fig. 2. Circuit model of the proposed system.
In the simplest conﬁguration the system is composed by 4
conductive plates and 2 inductors, as shown in the previous
diagram. The electrical coupling between the conductive plates
is represented in the circuit model with CI , CO, CP and CN .
The inductors are represented by LI plus RLI and LO plus
RLO. The power source connected to the system is represented
by VI and RI and the load by RO. Regarding this circuit, it
can be written that
−VI + I1(RI +RLI + jwLI) +
1
jwCI
(I1 − I2) = 0 (1)
1
jwCI
(I2 − I1) +
1
jwCO
(I2 − I3)+
I2(
1
jwCP
+
1
jwCN
) = 0
(2)
1
jwCO
(I3 − I2) + I3(RO +RLO + jwLO) = 0 (3)
VO −ROI3 = 0, (4)
in which I1, I2 and I3 are the mesh currents (deﬁned clockwise
in this case). Given the previous equations, the ratio between
VO and VI can be written as
VO
VI
=
RO
ZIZO
�
− jwCX +
1
jwCX
�
jwCX+
jwCI +
1
ZI
��
jwCX + jwCO +
1
ZO
�
�
−1
, (5)
with Z(I,O) = R(I,O) +RL(I,O) + jwL(I,O) and CX deﬁned
as the series combination of CP and CN .
In a ﬁrst approximation, CP and CN can be estimated based
on the equation of a parallel plate capacitor
C(P,N) = ǫ0A(P,N)/d, (6)
in which the areas of the conductive plates shown in ﬁgure 1
are used to calculate A(P,N).
The available power at the input of the system and VI can
be related by PA = |VI |
2/(8RI) and the power delivered to
the load is, in average, PO = |VO|
2/(2RO). Therefore, the
available power gain of this circuit is
GA =
4RI
RO
�
�
�
�
VO
VI
�
�
�
�
2
. (7)
Figure 3 illustrates the behavior of GA (calculated as
indicated in the previous equations) for the parameters listed
in table I.
Distance (cm)
F
re
q
u
e
n
c
y
 (
M
H
z
)
50 100 150 200 250 300 350
12
12.5
13
13.5
14
14.5
15
Fig. 3. Simulated available power gain. The darker contour lines represent
values closer to unity.
TABLE I
EXAMPLE PARAMETERS USED IN THE GENERATION OF FIGURE 3,
EXTRACTED FROM [6].
Parameter Value
RI , RO 50 Ω
LI , LO 50 µH
RLI , RLO 30 Ω
CI , CO 2.5 pF
AN , AP 76 cm
2
It can be seen in ﬁgure 3 that for shorter distances there
are 2 distinct frequencies which maximize GA. The gap
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between these frequencies decreases gradually as the distance
is increased. Once a single frequency is reached it remains
stable for higher distances. On the other hand, the maximum
GA remains stable before the frequencies converge but begins
to drop after that. The behavior highlighted in the previous
ﬁgure is only observable if the devices are tuned to resonate
at the same frequency, that is, only if
LICI = LOCO. (8)
III. PRELIMINARY RESULTS
The results reported in this section were obtained with the
prototype shown in ﬁgure 4. This particular realization of the
concept illustrated in ﬁgure 1 is composed by a 16 by 16 cm
FR-4 board with 2 large copper areas and a helical coil built
using 0.8 mm diameter stranded copper wire with 40 turns
and a diamater of 3.6 cm. As seen in the ﬁgure, the coil is
located on the back side of the FR-4 board.
Fig. 4. Photograph of the prototype used in the measurements.
Figure 5 shows the measured voltage gain of the proposed
system as a function of distance. The values presented in the
ﬁgure were obtained with an HP 8753D network analyzer.
The prototypes of ﬁgure 4 were ﬁrst mounted on top of
supports made of polystyrene with the objective of keeping
the devices always about 1 m above the ﬂoor. During this test
the prototypes were placed facing each other. In ﬁgure 5, each
point corresponds to the maximum |S21| measured at a given
distance. Figure 6 shows the frequencies at which these peak
gain values were observed.
These ﬁgures show that the maximum |S21| values remain
close to -4 dB for distances of 40 cm and above. Below this
threshold a drop of 7 dB at most is observed. This pattern is
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Fig. 5. Measured maximum |S21| of the proposed system for various
distances.
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Fig. 6. Measured frequencies of maximum |S21|.
also found in the frequency domain as the frequencies with
the highest |S21| tend to vary less as the distance is increased.
A value of -4 dB in |S21| results in a GA of 0.4 using
GA ≈ |S21|
2. (9)
Once at a distance of 5 meters the receiver was rotated
in small increments and the |S21| was read for each angle.
During this test the operating frequency of the system was
not changed. The corresponding results are shown in ﬁgure 7.
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Fig. 7. Measured maximum |S21| of the proposed system for various relative
orientations.
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Based on these results, it seems that the |S21| remains
approximately constant across all angles, including when the
transmitter and the receiver are perpendicular to each other.
IV. CONCLUSIONS AND ONGOING WORK
The novel WPT system reported in this document was
designed investigate the feasibility of resonant electrical cou-
pling. The results presented suggest that an interesting balance
between power, efﬁciency, distance and robustness to changes
in relative orientation can be achieved. A circuit model was
proposed for the system, however so far it only predicts part of
the results observed in practice. The model is currently under
research. Future work will focus primarily on the increase of
the power efﬁciency.
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Ahsract-A novel technique for wirelessly transferring power 
over non-negligible distances is proposed and discussed in this 
document. In this technique the transfer of power is based on 
electrical coupling and resonance. In contrast, other systems 
proposed in the literature in the same class tend to make use 
of magnetic coupling. With prototypes measuring 16 by 16 cm 
by 3.7 cm at most it was possible to achieve a power eiciency of 
approximately 40% at a distance of 5 meters. These preliminary 
results indicate that resonant electrical coupling can be used for 
wireless power transmission (WPT) purposes. 
Index Terms-Resonant electrical coupling; resonant capaci­
tive coupling; resonant coupling. 
I. INTRODUCTION 
Several dierent ways to transfer energy without using any 
kind of wired connection exist. The very irst attempt to build 
a system designed with wireless power transfer (WPT) in 
mind was made in 1899 by Nicola Tesla. He coordinated 
the construction of the Wardenclyfe tower, from where he 
believed he would be able to wirelessly distribute energy. 
His goal was to create a large number of these towers so 
that wireless energy could be collected all over the globe (a 
grand objective, even by today's standards). However, Tesla 
was forced to abandon the idea due to funding shortages 
before the irst tower was inished. The apparatus used in 
the original Wardenclyfe experiment consisted of a large coil 
wound around a mast of about 60 m in height. At the highest 
point of the mast was a large copper ball. The theory of 
operation behind the system proposed by Tesla makes use of 
concepts such as oscillating currents and voltages (at about 
150 kHz), capacitor charging and discharging, resonators and 
magnetic induction[ I]. 
In the years that followed Tesla's experiments the research 
eforts devoted to WPT were reduced drastically because 
the development of wireless technologies focused more on 
communications. In fact, the discoveries made at the time in 
the ield of wireless communications were decisive for the 
loss of interest in Tesla's results and WPT in general as they 
drew much more attention. It was only during the 1960s that 
the topic of WPT was brought back by W. C. Brown. Brown 
carried out several WPT demonstrations based on microwave 
technology. One of his major accomplishments took place in 
1975. It consisted in the transmission of 30 kW from a 26 m 
diameter parabolic antenna to a 3.4 by 7.2 m rectenna placed 
1.6 m away. Brown transmitted 450 kW in order to achieve 
the results mentioned. The obtained rectifying eiciency was 
82.5% at a frequency of 2.388 GHz[2]. Brown's experiments 
became well known mainly because of the very large power 
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levels and distances involved. However, the equipment re­
quired for the demonstrations was expensive and large, and 
therefore not suitable for any realizable practical applications. 
This system as well as other high eficiency microwave sys­
tems proposed in the literature tend to make use of highly 
directive antenna conigurations. This approach results in a 
higher eiciency if the alignment between transmitter and 
receiver is perfect, but a lower eficiency otherwise. The need 
for aligment is one of the most important issues in a WPT sys­
tem. For example, in laser-based WPT systems a very precise 
alignment is needed at all times. This requirement, together 
a costly equipment, clear line of sight, a high complexity 
and the risk of serious accidents (permanent eye injuries, 
for instance) help explain why laser systems are generally 
discarded. The role of lasers in WPT may however change 
substantially in the future, in particular if progress is made in 
the photovoltaic receivers in terms of the optical to electrical 
conversion eficiency. 
Some years ago, in 2007, researchers at the Massachusetts 
Institute of Technology (MIT) made a signiicant contribution 
to the state of the art of WPT. They announced a system 
consisting of 4 coils (largest diameter of 60 cm) with which 
they were able to light up a 60 W incandescent light bulb 
located 2 m away with an eficiency of 40%. The attention 
drawn by the demonstration was quite remarkable. In addition 
to the obvious quality of the results, the system seemed to 
be already close to a commercial product, substantially closer 
than other WPT systems proposed before. In this technique the 
eiciency of the transfer relies on the strong magnetic coupling 
formed between coils with very high Qs (quality factors) at 
resonance[3], [4]. The irst coil, a single turn loop, is connected 
to a power source. The second coil, a multi turn coil, is placed 
near the irst loop on the same axis. A capacitor is added to 
the irst loop to make it resonant precisely at the requency at 
which the multi turn coil self-resonates. The receiver is deined 
identically, except that the loop is connected to the load. 
The loops are coupled to the multi turn coils magnetically. 
In addition, the coils are also magnetically coupled to each 
other because the high Qs counteract the eect of distance. 
Hence, it becomes possible to transfer power rom the source 
to the load. It should be noted that while the eficiency of 
the power transfer is maximum when all the coils are placed 
on the same axis, the loss of eiciency due to misalignment 
is not critical until the transmitter and the receiver are nearly 
perpendicular[ 5]. 
In this work, the feasibility of resonant electrical coupling 
for WPT purposes is investigated. A prototype based on this 
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type of coupling is proposed and analyzed. 
II. PROPOSED SYSTEM 
Comparisons between WPT systems can be based on sev­
eral dilerent aspects depending on the application. However, 
eiciency and range are often considered the most important 
factors. Robustness against changes in relative orientation is 
usually desirable. A small, inexpensive and easy to build ap­
paratus is usually desirable as well. It is sometimes important 
to evaluate if a system can be scaled for dilerent power 
levels. One of the strong points of resonant magnetic coupling 
(RMC) is that compromise achieved is unique and particularly 
useful. The strong presence of this technique in the literature is 
mostly due to this fact. In contrast, systems based on electrical 
coupling are very di cult to ind. In addition, the few WPT 
systems proposed that make use of this coupling technique 
tend to lack some key attributes, such as range[6]. 
The proposed WPT system is based on electrical coupling 
and consists of 2 identical devices as shown in igure 1. 
Fig. 1. Diagram of the proposed system. 
Each one of the devices is composed by an FR-4 board 
measuring 16 by 16 cm with 2 large conductive areas (copper) 
on the ront side and a helical coil attached to the back side. 
The latter consists of 40 turns of 0.8 m diameter stranded 
copper wire and has a diameter of approximately 3.6 cm. 
A. Circuit model 
The circuit model developed for the previously introduced 
system is presented in igure 2. 
Fig. 2. Circuit model developed for the proposed system. 
In this model, the parameters VI and RI represent the 
power source connected to the transmitter. Each helical coil is 
represented by an inductor, L I or Lo, in series with a parasitic 
resistance, RLJ or RLo. The capacitors included in the model 
represent the coupling between the conductive areas mentioned 
earlier: CI and Co refer to intra-device coupling, while Cp 
and CN refer to the inter-device coupling. The load of the 
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system is modeled by the resistor Ro. The ratio between Vo 
and VI for this model can be written as 
Vo 
= �[-jWCx + _._l_(jWCx+ VI ZIZO ]wCx 
jwe, + �,) (jwex 1 jweo 1 ;J r, (I) 
with ZI = RI + RLJ + jwLI, Zo = Ro + RLO + jwLo and C x deined as the series combination of C p and C N. 
In a irst approximation, Cp and CN can be estimated based 
on the equation o' a parallel plate capacitor 
Cp = EoAp/d CN = EoAN/d (2) (3) 
in which the conductive areas are used to calculate Ap and AN, EO is the permittivity of vacuum and d is the distance 
between devices. 
From circuit theory, the available power at the input of the 
system can be calculated rom VI by P A = IVI 12/ (SRI)' 
Moreover, the power delivered to the load is, in average, Po = 1V0 12 /(2Ro). Given these equations the available 
power gain of the system can be written as 
GA = 4RI 1 Vo 12 Ro VI (4) 
Figure 3 illustrates the behavior of G A for the parameters 
listed in table I. 
Fig. 3. Simulated available power gain (G A) as a function of distance and 
frequency. 
TABLE I 
PARAMETERS USED IN THE GENERATION OF FIGURE 3. 
Prameter 
RI, Ro 
LI, Lo 
RLI, RLO 
CI, Co 
AN,Ap 
Value 
50 l 
50 LH 
30 l 
2.5 pF 
76 cm2 
It can be clearly seen that for shorter distances there are 
2 dierent requencies that maximize GA. The gap between 
them decreases gradually as the distance is increased and 
eventually disappears. When the distance is increased past the 
point where the requencies converge the value of G A begins 
to drop. It is interesting to note that this behavior is similar to 
the behavior of RMC (which can be seen for instance in [5]), 
even though the coupling technique is entirely dierent. This 
result is only achievable if both devices are tuned to resonate 
at the exact same requency, that is, only if 
1 
2rVLICI (5) 
III. PRELIMINARY RESULTS 
Figure 4 shows the measured voltage gain (amplitude only) 
of the proposed system as a function of distance. The values 
presented in the igure were obtained with an HP 8753D 
network analyzer. In this experiment the devices under test 
were oriented as illustrated in igure 1 and placed on top of 
supports made of polystyrene with the purpose of maintaining 
a constant distance of 1 m to the loor at all times. Each point 
in the graphic corresponds to the maximum 15211 measured at 
a given distance. Figure 5 shows the requencies at which these 
maximum values were found. A photograph of the prototypes 
used in these tests can be seen in igure 6. 
O -
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Fig. 4. Maximum 15211 of the proposed system, measured. 
From the previous results it can be seen that the maximum 
15211 values remain close to -4 dB for distances of 40 cm and 
above. Below this threshold a drop of 7 dB is observed when 
the devices are placed very close to one another. The cause 
of this drop is not yet known but it may be related to the 
establishment of additional electrical couplings not taken into 
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Fig. 5. Frequencies of maximum 15211, measured. 
Fig. 6. Photograph of the prototype used in the measurements. 
account by the current model or a magnetic coupling between 
the inductors. In terms of frequency, the highest 15211 tend 
to vary more below the 40 cm threshold, possibly due to 
the aforementioned reasons. For higher distances the values 
tend to stabilize. It should be noted that the values in table I 
(except for RI and Ro) were estimated rom the geometrical 
properties of the prototypes. It should be also noted that a 
value of -4 dB in 15211 results in a G A of 0.4 using 
(6) 
IV. CONCLUSIONS AND ONGOING WORK 
The novel system reported in this document was designed 
to assess the feasibility of resonant electrical coupling. The 
theoretical results obtained suggest that an interesting balance 
between power eficiency and distance can be achieved. So far 
only a partial match between the model and the experimental 
results was achieved. Future work will therefore focus on the 
improvement of the model with the purpose of increasing the 
maximum power eficiency. 
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Constructive combination of resonant magnetic
coupling and resonant electrical coupling
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Abstract—In this paper the possibility of combining resonant
magnetic coupling and resonant electrical coupling is proposed
and discussed. Equivalent circuit models are used to demonstrate
that efficiency can be improved quite significantly using a hybrid
approach. A comparison between resonant magnetic coupling
only, resonant electrical coupling only and several hybrid com-
binations is provided.
Index Terms—Wireless power transfer, resonant electrical
coupling, resonant hybrid coupling, resonant magnetic coupling.
I. INTRODUCTION
In 2007 a group of researchers at the Massachusetts Institute
of Technology (MIT) proposed a novel and very innovative
wireless power technology by combining the concepts of
inductive coupling and magnetic resonance very effectively.
Resonant magnetic coupling takes advantage of the fact that
the coupling between two coils can be very strong even if
the magnetic coupling coefficient is very low (something in
the order of 0.01, for instance). For this to happen the coils
must resonate at the same frequency and must have very high
Qs (quality factors). Several publications of great scientific
importance resulted from this discovery, in particular [1],
which has over 1000 citations to date. Resonant magnetic
coupling was first demonstrated using a prototype consisting
of two single-turn coils and two helical coils. In this prototype
the copper wires used to build the coils had a cross-sectional
diameter of 6 mm (a rather large value in order to minimize
losses, and thus increase Q). The outer diameter of the helical
coils was 60 cm (not exactly small but also not unreasonable).
Using this prototype the researchers were able to light up a
60 W incandescent light bulb placed 2 meters away. Even more
importantly, they managed to do so with a transfer efficiency
of 40%. A very surprising result, especially given the fact that
it was obtained with such a simple apparatus. One of the key
features of resonant magnetic coupling is the balanced trade-
off between efficiency, range, simplicity (cost), size and power
transfer capability.
In this paper the combination of resonant magnetic coupling
and resonant electrical coupling in the same system is pro-
posed and studied. A circuit model is used to demonstrate that
efficiency can be significantly increased if the two coupling
methods are used simultaneously. This is the main contribution
978-1-4673-7447-7/15/$31.00 c© 2015 IEEE
in this paper. Resonant electrical coupling has been recently
proposed in [2] and [3]. In this technique the goal is to transfer
power efficiently between capacitively coupled conductive
plates, rather than between coils. In the next section the
equivalent circuit model of resonant magnetic coupling will
be considered. The results presented in this part will be used
later in the paper for comparison purposes. The combination
of resonant magnetic coupling and resonant electrical coupling
will then be presented.
II. RESONANT MAGNETIC COUPLING
Figure 1 shows the circuit model currently most commonly
used in the literature to represent resonant magnetic coupling
(see [4] for more information on this model). Starting from
the equations obtained with Kirchhoff’s voltage law and addi-
tionally taking into consideration that the magnetic coupling
coefficient between two inductors i and j can be calculated
from the mutual inductance using
kij = Mij/
√
LiLj , (1)
the voltage gain VO/VI can be written as
VO/VI = −jw
3ROk12k23k34L2L3
√
L1L4/(K1K2
+ w2k2
23
L2L3Z1Z4), (2)
with K1 and K2 given by
K1 = Z1Z2 + w
2k2
12
L1L2 (3)
K2 = Z3Z4 + w
2k2
34
L3L4, (4)
and Z1, Z2, Z3 and Z4 given by
Z1 = RI +R1 + jwL1 − j/(wC1) (5)
Z2 = R2 + jwL2 − j/(wC2) (6)
Z3 = R3 + jwL3 − j/(wC3) (7)
Z4 = RO +R4 + jwL4 − j/(wC4). (8)
The available power gain PO/PA of the circuit can be
written as a function of (2) using
PO/PA = 4RI |VO/VI |
2/RO. (9)
Figure 2 illustrates the response of the model as a function
of frequency for k23 values between 0.002 and 0.06. The
values of the other parameters, which were selected based on
[4], are listed in table I. If the magnetic coupling coefficient
Fig. 1. Circuit model most commonly used to represent resonant magnetic
coupling.
Fig. 2. Resonant magnetic coupling with k23 equal to 0.002 (line 1), 0.004,
0.008, 0.023 and 0.06 (line 5).
between L2 and L3 is very small (which corresponds to a
larger distance between the coils) only a very small fraction
of the power available in the source reaches the load. As k23
is increased the resonance becomes much more evident. If k23
is increased beyond approximately 0.023 (line 4) the gain no
longer increases. Instead, the resonant frequency splits into
two. The peak gain depends heavily on the values chosen for
the resistive elements in the circuit. The peak gain tends to
1 as the resistive elements tend to 0 (higher Qs). Significant
gains obtained with very small magnetic coupling coefficients
is what best distinguishes this technique from plain inductive
coupling.
III. RESONANT HYBRID COUPLING
Figure 3 shows the circuit model that will be considered in
this part of the paper. In this circuit the left and right sides
are coupled magnetically (L1 and L2) and electrically (C3 and
C4). Also, C3 and C4 will be treated as an admittance two-
port network (as indicated by the dashed line). For this circuit
the voltage gain VO/VI can be calculated as
VO/VI = RO(jwk12
√
L1L2K3
+ Y21)/(jwk12
√
L1L2[Y12 + Y21]− w
2k2
12
L1L2K3
+ Y12Y21Z1Z2 − [1 +K1Z1][1 +K2Z2]), (10)
with K1, K2 and K3 given by
K1 = Y11 + jwC1 (11)
K2 = Y22 + jwC2 (12)
K3 = K1K2 − Y12Y21, (13)
TABLE I
PARAMETERS USED IN THE ANALYSIS OF THE CIRCUIT MODEL
PRESENTED IN FIGURE 1.
Parameter Value
RI , RO 50 Ω
R1, R4 2 Ω
R2, R3 10 Ω
L1, L4 1 µH
L2, L3 28 µH
C1, C4 140 pF
C2, C3 5 pF
k12, k34 0.1
Fig. 3. Circuit model considered in this study of hybrid resonant coupling.
Z1 and Z2 given by
Z1 = RI +R1 + jwL1 (14)
Z2 = RO +R2 + jwL2, (15)
and Y11, Y12, Y21 and Y22 given by
Y11 = jwC3C4/(C3 + C4) (16)
Y12 = −Y11 (17)
Y21 = −Y11 (18)
Y22 = Y11. (19)
In this case the expression for the available power gain
indicated in (9) continues to be valid.
Figure 4 illustrates the response of the model as a function
of frequency for C3 values between 0.02 and 0.9 pF. In
this figure only the electrical coupling is considered (k12 is
considered zero). Also, C4 is assumed to always have the
same value as C3. The behavior observed in this figure is in
general similar to the behavior observed in figure 2. The most
noticeable difference is the asymmetrical frequency splitting.
Significant gains obtained with relatively small C3 values
(which correspond to potentially higher distances) is what best
distinguishes this technique from plain capacitive coupling.
The remaining circuit parameters used in this case can be
found in table II. This purely electrical resonant coupling is
the subject addressed in [2] and [3].
Figure 5 shows the effect of increasing k12 from 0 to
0.075 while keeping C3 fixed at 0.04 pF. As can be seen,
the gain increases as k12 is increased. For instance, when k12
is increased from 0 to 0.004 the gain goes from 0.05 to 0.2.
The most significant conclusion to be drawn from the figure is
that the combination of both coupling techniques effectively
results in an improvement. Since the resistive elements in the
circuit were not altered the peak gain remains unchanged from
figure 4.
Fig. 4. Resonant electrical coupling with C3 (in pF) equal to 0.02 (line 1),
0.04, 0.09, 0.31 and 0.9 (line 5).
TABLE II
PARAMETERS USED IN THE ANALYSIS OF THE CIRCUIT MODEL
PRESENTED IN FIGURE 3.
Parameter Value
RI , RO 50 Ω
R1, R2 12 Ω
L1, L2 28 µH
C1, C2 5 pF
Finally, figure 6 shows the effect of increasing C3 from 0
to 0.8 pF while keeping k12 fixed at 0.004. As can be seen,
the gain increases as C3 is increased. line 1 represents the
case in which only magnetic coupling is taken into account
(Y11, Y12, Y21 and Y22 are all considered zero). The existence
of asymmetry in the frequency splitting depends on which
kind of coupling is the largest contributor. In this figure the
largest contributor is electrical coupling so the splitting is
asymmetrical. In figure 5 the largest contributor is magnetic
coupling so the splitting is more symmetrical.
IV. CONCLUSIONS AND ONGOING WORK
The most relevant conclusion to be drawn from this paper
is that resonant magnetic coupling and resonant electrical
coupling can be constructively combined. This conclusion is
based on circuit theory. The simultaneous use of both coupling
techniques leads to a noticeable improvement in terms of
efficiency. As far as the authors know this is the first time
a hybrid wireless power system is proposed. The authors are
currently working on a prototype designed to demonstrate the
analytical results presented in this paper.
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Abstract: Radio-frequency identification (RFID) tags (passive kind) are typically not designed to include ultra-wide band
(UWB) pulse generators, but may be in the future. The reason is that the very short pulses produced by the RFID tags
could be used to estimate their positions with errors of solely a few centimetres using time difference of arrival
techniques. Currently, the method most commonly used to estimate tag positions relies on received signal strengths
(less accurate). An UWB pulse generator based on a PIN diode is presented in this study. This pulse generator was
designed to produce a positive unipolar pulse for each high-to-low transition (1.8 V to 0) it receives at its input. This
trigger signal is generated by a microntroller-based battery-free RFID tag. The end result is a pulse with an amplitude
of ∼300 mV and a duration of slightly <2 ns measured using a 50 Ω load.
1 Introduction
Future passive radio-frequency identiﬁcation (RFID) systems will
probably be capable of not only identifying objects, but also
estimating with good precision where they are. Localisation seems
to be a natural step in the evolution of this technology. The
challenge is to add this feature while keeping the tags simple and,
even more importantly, battery-free. As mentioned in [1],
ultra-wide band (UWB) is currently considered a possible solution,
because it has a few characteristics that are very interesting. These
characteristics are mentioned in the following subsection. Then, an
example of a very low-power RFID tag with localisation
capabilities is presented. Even though in this example the tag is
powered by a battery (and thus not battery-free), it shows that
combining RFID and UWB can yield positive results. The last part
of Section 1 is dedicated to UWB pulse generation methods. A
brief description of the methods most frequently found in the
literature is given. The proposed PIN diode-based UWB pulse
generator is presented in Section 2. The passive RFID tag used to
test it is also brieﬂy described in Section 2. The experimental
results are presented in Section 3.
1.1 Advantages of integrating UWB in passive RFID
RFID communications are always reader-initiated. The process starts
with the reader radiating a high power unmodulated wave to the tags
to wirelessly power them. The tags switch back and forth between a
low reﬂection state (where they absorb most of the incident power)
and a high reﬂection state (which they use, together with the ﬁrst
one, to create modulated backscatter). Reader to tag
communication is usually also possible using ASK since ASK
receivers are typically low power and simple enough to be
integrated in RFID tags. Nonetheless, RFID communications are
generally uplink-dominated since tags operate mainly as
transmitters (see [2]). Integrating UWB technology in RFID does
not necessarily mean adding an UWB receiver plus transmitter
block to each RFID tag. In fact, the receiver is usually left out
because of its relatively large power consumption (as pointed out
in [3]). In contrast, UWB transmitters are low power and thus
compatible with passive RFID tags. UWB transmitters generate
very short pulses which can be used to estimate the positions of
the tags more accurately than using backscatter. In addition,
backscatter requires the existence of an incoming unmodulated
wave to work while UWB does not. Other UWB-related features
worth mentioning are the possibility of achieving high throughput,
resistance to multipath and coexistence with narrowband signals
(small interference caused, very good immunity).
1.2 Example of a low-power RFID tag with UWB
In [4], a UWB-based RFID system is presented. The tags in this
example are not passive (they are powered by CR2032 batteries),
but some of the experimental data reported are important even for
systems with battery-free tags. They are transmitting-only and thus
not able to receive any data. Each tag consists simply of a pulse
generator, a microcontroller unit (MCU) and a battery. The MCU
is used to trigger the pulse generator. The UWB pulse generated
has a peak-to-peak voltage of ∼2.8 V on a 50 Ω load (which gives
∼15.5 dBm) and a duration of 1.5 ns. The pulses move away from
the RFID tag and towards several ﬁxed UWB receivers placed at
different, well-known locations. The position of the tag can be
estimated by making use of the differences between the pulse
arrival times reported by each one of the receivers. This technique
is very popular and is known as time difference of arrival
(TDOA). In terms of accuracy (which is one of the most relevant
features in any localisation system), the value reported is 10 cm,
measured in a 6 × 6 m room, and using a total of four UWB
receivers. In this case, the receivers are non-coherent and have a
sensitivity of approximately −71 dBm.
1.3 Techniques used in the generation of UWB pulses
To be considered UWB a signal must have a bandwidth of at least
500 MHz absolute at −10 dB or 0.2 fractional (which is given by
the ratio between the absolute bandwidth and the centre
frequency). This UWB deﬁnition was initially proposed by the
Federal Communications Commission (FCC), and is currently the
most frequently found in the literature. In terms of regulations, for
the United States the FCC established the core UWB frequency
band as being from 3.1 to 10.6 GHz. Within this band, the
transmitted power spectral density (PSD) limit is higher, ﬁxed and
equal to −41.3 dBm/MHz. In the time domain, there are
essentially no restrictions to be taken into account. In Europe,
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there are also no restrictions on the pulse shapes, but the maximum
PSD is equal to −41.3 dBm/MHz only from 6 to 8.5 GHz. Outside
the previous band, it is always −65 dBm/MHz or lower.
Additional details about regulations can be found in [5].
In general, UWB pulse generators are based on high-speed logic
gates, transistors driven in the avalanche region, or one of several
types of diodes, which can be an avalanche, tunnel or step
recovery (SRDs). Pulse generators made with logic gates usually
only need two of these (the NOT plus AND is a popular
example). The circuit is designed to force a race condition at the
output gate, causing a short glitch. Creating UWB pulses using
this method are, however, not straightforward. The reason is that
generating shorter pulses requires faster logic, and the faster logic
families tend to consume more power. If there is little energy
available (such as in an RFID tag) the problem becomes quite
obvious. A comparison between several types of pulse generators,
including logic-based, is presented in [6]. Transistors driven in the
avalanche region can be used to generate extremely short pulses
but usually require high supply voltages, as mentioned in [7]. For
instance, the pulse generator described in [6] uses a supply voltage
of 300 V. High voltages are also often linked to avalanche diodes.
In fact, the latter is normally only used to generate high-power
pulses (necessary for applications like long-range radar). Tunnel
diodes are very suitable to be used in extremely short
(sub-nanoseconds) pulse generators. This is true because of their
small transition time (the smallest of all the diode types
mentioned). The disadvantage of this kind of diodes is their
relatively low-output voltage (see [7]). Another point worth noting
is that tunnel diodes are not easy to obtain (because of the
low-volume manufacturing). Lastly, SRDs are not as good as
tunnel diodes in terms of transition times, but are not affected by
the output voltage problem. SRDs are commonly found in the
literature related to UWB pulse generation, more than any other
kind of diode. These diodes are currently seen as very promising
devices for low-power UWB applications, yet (like tunnel diodes)
they are not easy to obtain. Some authors even call it a ‘dying art’.
A table with the most relevant parameters of SRDs can be found
in [7]. While not as good as SRDs in terms of UWB pulse
generation, PIN diodes have the advantage of being cheap and
very easy to obtain. It was mainly because of these aspects that a
PIN diode was selected. PIN diodes are not generally linked to
pulse generators. In fact, no PIN diode-based UWB pulse
generators were found in the literature (low power or not).
2 Proposed UWB pulse generator
The proposed short pulse generator and the RFID tag used to test it
are described in this section.
2.1 Schematic and circuit layout
The pulse generator consists of a PIN diode (BA592), a 1 nF
capacitor, an 820 Ω resistor and a 3.9 nH inductor. The layout and
schematic are both shown in Fig. 1. The board represented in the
ﬁgure is made of RO4003C (a high-frequency, low-loss material,
in this case 0.813 mm thick). In the layout, the top pin is the pin
connected to the resistor, the middle pin is the ground and the
bottom pin is connected to the capacitor. It is important to note
that the top and bottom pins were not short-circuited directly on
the board for testing purposes but represent a single input.
Figs. 2 and 3 illustrate the behaviour of the pulse generator in
terms of voltage and current, respectively, in response to a 1.8 V
to 0 transition. If the input voltage is set to 0 V the pulse generator
is turned off and the consumed power is virtually 0. On the other
hand, if the input voltage is 1.8 V a current ﬂows through the
resistor, diode and inductor. No current ﬂows through the load
since the latter is in parallel with the inductor which at DC
behaves as a short circuit. In this state, both the capacitor and the
diode (internal capacitance) accumulate charges. The amount of
current that ﬂows through the diode is set by the resistor. As the
input voltage is decreased again to 0 part of this input variation is
transferred to the output due to the fact that the voltages at the
terminals of the capacitor and the diode cannot change
instantaneously. As a consequence of the output voltage variation
a current starts to ﬂow through the inductor, diode and capacitor
since this is for a brief moment a path of almost no resistance.
During this part, the diode continuously loses charges. Once the
discharge is complete it changes from almost a short circuit to
almost an open circuit in a very short time (the transition time).
The current ﬂowing through the inductor cannot stop
instantaneously, and is thus forced to go to the load. As a
consequence, the output voltage increases. This increase in output
Fig. 1 Physical layout of the proposed UWB pulse generator and
corresponding schematic
Fig. 2 Simulated response of the UWB pulse generator to a 1.8 V to 0
transition
Curve 1 is the voltage in the capacitor, curve 2 is the output voltage (or voltage in the
inductor), curve 3 is the input voltage and curve 4 is the voltage in the resistor
Fig. 3 Simulated response of the UWB pulse generator to a 1.8 V to 0
transition
Curve 1 is the current in the capacitor, curve 2 is the current in the diode, curve 3 is the
current in the inductor and curve 4 is the current in the resistor
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voltage, generates an opposite current in the inductor and helps to
quickly bring the output voltage back to 0. The result of the entire
process is a positive unipolar pulse. Smaller capacitor values result
in the capacitor discharging before the diode, leading to a smaller
pulse. Higher capacitor values are possible, but bring no
signiﬁcant improvements. In the case of the resistor, lower values
lead to an excessive bias current and higher values may result in a
current too low to properly bias the diode. As for the inductor,
lower values result in narrower pulses but with some ringing and
higher values lead to wider pulses, mainly because of a slower
return to 0. In addition, a higher inductor is most likely to have a
higher parasitic resistance. The simulation considered in this
subsection was done in ADS (transient analysis, using the 2011.05
version). The PIN diode was modelled based on the diode
parameters and package parasitics made available by Inﬁneon (the
manufacturer).
2.2 Passive RFID tag
The pulse generator was originally designed to be connected to the
RFID tag shown in Fig. 4 (see [8]). This tag converts RF energy
at 866.6 MHz to DC using a multi-level charge pump and a
low-dropout voltage regulator of 1.8 V (hence the 1.8 V used in
the previous simulation). In terms of processing capabilities, it
includes a 16-bit ﬂash MCU from the MSP430 series, model
F2132. The I/O pin from this tag that was used as the input for the
pulse generator was modelled in simulation as a step generator
with a negative slope of 1.8 V per 5 ns followed by a series
resistance of 0.9 Ω.
3 Experimental results
Fig. 5 shows the response of the UWB pulse generator to a 1.8 V to 0
transition produced by the RFID tag. In this test, the pulse generator
was connected to the tag and the tag was programmed to trigger
pulses at a rate of 1 per second. A dipole antenna (the same
antenna used in [8]) was attached to the tag to harvest energy from
a 2 Werp pure 866.6 MHz source placed nearby, in direct line of
sight. Both the power source and the tag were always kept at a
distance of ∼1 m to the ﬂoor and at least 1 m to all other
obstacles. The output of the pulse generator was measured with a
Tektronix MSO71604C oscilloscope. The pulses represented in the
ﬁgure were measured at the distances of 1 and 2.6 m from the
power source. It was found that the tag is able to consistently
generate pulses at up to 2.6 m. At some higher distances it was
also possible to detect pulses but not consistently, most likely
because of multipath (as the measurements were carried out
indoors). Although the shape of the pulses obtained in practice is
generally similar to the pulses obtained in simulation there are
differences in terms of duration and amplitude (especially
amplitude). This result was not unexpected since the currents
shown in Fig. 3 are limited in practice by the energy available in
the tag and the maximum rate at which the tag is able to deliver
that energy to the pulse generator. As a last note, the oscillations
visible in the ﬁgure are the result of some of the signal from the
power source being picked up by the pulse generator.
4 Conclusions and future work
One of the most important conclusions from this work is that it is
possible to build a low-power UWB pulse generator very
inexpensively, using only a PIN diode and a few passive
components. As demonstrated, the proposed pulse generator can
be used in conjunction with passive RFID tags because of its
reduced power consumption. Future work will focus on improving
the pulse in terms of amplitude and duration and also trying to
generate more complex pulse shapes, such as monocycles and
doublets, without compromising power consumption.
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Fig. 4 Layout of the passive RFID tag (shown on a 1:1 scale) used to test
the pulse generator, taken from [8]
Fig. 5 Pulse generated by the proposed UWB pulse generator, in response
to a high-to-low transition (1.8 V to 0) produced by the RFID tag
Curve 1 corresponds to a distance of 1 m and curve 2 corresponds to a distance of 2.6 m
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Abstract—In this paper, a battery-free wireless sensor designed
to harvest energy from electromagnetic waves at 866.6MHz and
its detachable antenna system are described, with an emphasis on
high frequency front-end design. In addition to having no local
power source, the proposed sensor node is programmable, since
it integrates a general-purpose microcontroller. Other features of
the device are a standard 50Ω port and an interface for debugging
and expansion, with of a total of 26 pins. In practice, the proposed
system is capable of carrying out communication and processing
tasks at up to a distance of 4.1 meters away from a transmitter
antenna operating within the limits imposed by local regulatory
entities, with respect to radiated power. Uplink communication is
achieved using modulated backscattering. The proposed antenna
system consists of a printed dipole-based antenna, with an overall
efficiency in the order of 96%.
I. INTRODUCTION
Wireless sensor networks (WSNs) often consist of a number
of small-sized sensors scattered over an area in which a certain
physical phenomenon is to be sensed or measured. Wireless
sensors currently include controllers optimized for low-power
operation that support various operating modes, and with the
ability to jump from a deep sleep state to a fully active mode
both quickly and seamlessly. Moreover, most of these devices
have various power switches that cut the power to peripheral
hardware modules, in case their controller determines those to
be unnecessary at a given moment of time. But of course, this
delicate management of energy is only achievable if a suitable
set of software routines are loaded onto them. These routines,
usually referred to as energy-aware software routines, basically
instruct the controller to minimize its power consumption as
much as possible, while still ensuring a minimum wireless
awareness, so that incoming transmissions can be received and
responded to (in case that is necessary). When combined with
energy-efficient communication devices, these advancements
in hardware and software design effectively reduce the power
consumption requirements of sensor nodes, not only allowing
them to operate autonomously for significant periods of time
that can actually stretch up to a few years, but also creating
a major opportunity for the use of energy harvesting systems,
especially since the primary challenge in WSN deployment is
still the limited network lifetime due to finite capacity power
sources, that is, batteries (in [1], many design questions that
relate to WSNs are identified and discussed, not only in terms
of hardware, but also in terms of networking protocols and
software algorithms).
The conventional communication model of WSNs assumes
the deployment of low-power multifunctional wireless sensor
nodes operating on the limited power capacity of disposable
batteries. Although this model works decently in small WSNs
comprised of a small number of wireless nodes, it does not
scale very well, and as a matter of fact, it is easy to understand
that the potential maintenance cost of replacing batteries for
a few hundreds of nodes quickly becomes a continuous and
cost-prohibitive undertaking. Considering for instance no more
than a couple hundred wireless sensor nodes, each one capable
of unattended operation for roughly one year before its power
source collapses, the maintenance costs immediately begin to
escalate because of the (unavoidable) need to replace batteries
every few days, on average. Battery replacements occurring at
such a fast pace can easily represent an unsustainable cost for
many applications.
Maintaing battery-operated sensor nodes in hard-to-service
locations creates yet another significant challenge. In this not
so unrealistic scenario, maintenance operations become much
more difficult to accomplish and hence more expensive, thus
adding a substantial cost to the already high cost of replacing
batteries. In fact, this problem can even limit where the sensors
are placed (in case they are not deployed randomly, because
that would introduce further issues), potentially reducing the
effectiveness of the overall deployment. Moreover, for WSNs
to achieve a true ubiquitous deployment, the size of the nodes
has to decrease dramatically. Small batteries and appropriate
form factors indeed help minimize the size of a sensor node,
but generally contain less energy than other (more traditional)
larger batteries and thus have shorter life spans.
In short, the need shared by most wireless sensor nodes for
longer lifetimes and smaller sizes does not match particularly
well with the power density of current battery technology, and
even though substantial improvements have indeed ocurred in
other hardware modules, those have not yet ocurred in battery
technology, and no significant changes are antecipated for now
(in [2], energy harvesting is seen as a promising new approach
precisely because batteries are currently not progressing at the
same rate that other hardware components are).
Electromagnetic energy harvesting, frequently also referred
to as Radio Frequency (RF) energy harvesting, allows sensors
to be used in inaccessible or hazardous areas, or in locations
where battery replacements are impractical. With the capacity
to power multiple devices from a single RF power source, this
solution allows WSNs to scale by supplying maintenance-free
power for hundreds or thousands of sensor nodes. Moreover,
other alternative energy sources such as solar, piezoelectric or
thermal share the limitation of being reliant on ambient energy
sources that are generally beyond control. Since in a solution
based on RF harvesting power can be replenished as desired
(either continuously or not), no such issues arise.
A. Wireless Passive Sensor Networks (WPSNs)
Unlike conventional wireless sensor nodes, wireless passive
sensor nodes are fed remotely by an external RF power source
and remain functioning as long as energy is delivered in. By
definition, passive sensor nodes have no batteries (or any other
disposable part) and use modulated backscatter to send data to
sink devices, which can be the same devices that supply power
to them or not. Moreover, there may be various power sources
operating in a single network (advantages and disadvantages of
different powering topologies and many other subjects related
to this paradigm are discussed in [3]). If no RF power sources
are active at a given moment of time, the energy accumulated
in the passive sensor nodes eventually depletes, at which time
they cease to function. Once a sufficient amount of energy is
accumulated as a result of energy harvesting, the nodes start
to function once again.
In hardware, a passive sensor node deviates from a typical
sensor node on the power unit and on the transceiver, but other
than those, there are no significant differences. Passive sensor
nodes have energy harvesters instead of traditional batteries,
and backscatter modulators instead of active transmitters. The
new functional blocks are widely used in the design of passive
Radio Frequency Identification (RFID) tags.
B. RFID Sensor Networks (RSNs)
A typical RFID system is composed of one or more readers
and many tags which, by definition, are attached to the objects
they are meant to identify. A reader radiates power to tags in
its wireless range and also communicates with them in order
to collect information about objects, normally in the form of
an alphanumeric identification code. In order to make the tags
cheap enough to be mass-produced, these systems shift nearly
all complexity towards the side of the readers. Moreover, and
since there are no batteries involved, passive tags can be made
reliable, paper-thin and often physically flexible. The absence
of a battery is also the primary reason for which these tags
do not have active transmitters built into them. By itself, the
energy harvester would not be able to adequately compensate
the significant power consumption of this device (compared
to other components within the tag). Instead, passive tags use
backscatter modulators, which allow them to transmit data at
little power expense (additional information related with other
types of tags, coupling methods, and other subjects concerning
the basics of RFID can be found in [4]).
The antenna of a tag is usually designed to match its input
impedance, in order to maximize the power transfer between
the two, however, when the tag wants to transmit information
to the reader, it deliberately modifies the load impedance seen
by its antenna, thus making the latter re-radiate a portion of the
incoming power back. By switching between these two states
according to a data stream, an amplitude-modulated response
can be generated. It is this controlled reflection of waves that
is called modulated backscatter (modulations in amplitude are
the most widely used in passive tags, phase modulations are
also realizable, as explained in [5]).
While traditional passive tags find uses in a vast number of
applications (where low price outweighs functionality), a new
class of sensor-enhanced passive tags is emerging. These tags
are able to report back to RFID readers not only their (static)
identification numbers, but also the dynamic data collected by
their sensors (in [6], the research challenges associated with
these networks are discussed).
II. SYSTEM OVERVIEW
The developed sensor node, whose layout is shown (using a
1:1 scale) in figure 1, is made of a RO4003C high frequency
laminate having a thickness of 0.813mm and layers of copper
on both sides. Solely commercial off-the-shelf hardware parts
were utilized in the design of the device. More information is
available in [7].
Like many other wireless sensor nodes, the proposed device
was designed to operate inside an Industrial Scientific Medical
(ISM) band, in this particular case, the band that ranges from
865 to 867.6MHz. From within this band, only a small portion
of spectrum ranging from 865.6 to 867.6MHz was of interest
because of its higher radiated power limit of 2Werp (maximum
radiated power levels for distinct frequency bands and distinct
countries can be found in [4]).
Fig. 1. Physical layout of the proposed sensor node (shown on a 1:1 scale), in
which dark-colored lines refer to the top copper layer, lighter areas and lines
refer to the bottom layer, circular shapes represent vias, and other drawings
(also drawn with lighter colors) identify component outlines. At the right side
of the figure is a wider line segment, designed to accomodate an edge-mount
50Ω SMA connector, and at the top and bottom sides, the vias were designed
to be soldered to standard 2.54mm (0.1 inch) pitch pin headers.
In addition to having a wireless power supply, the proposed
sensor node integrates a general-purpose, fully programmable
16-bit flash microcontroller, a MSP430F2132. This device is
well suited to meet the stringent power requirements imposed
by the lack of an onboard power source on the node, since it
has various operating modes, a minimum current consumption
of only 0.1µA, and does not take long to switch from a sleep
state to an fully active mode. Other important features include
an operating frequency of up to 6MHz with a supply voltage
of 1.8V, a total of 8KB of built-in flash memory, and also a
very flexible clock system (more information on the MSP430
platform can be found in [8], [9] and [10]).
As can be viewed in the layout, various signals from within
the sensor node were connected to either one or another of the
rows of larger vias (containing 13 pins each), in order to allow
the microcontroller to be programmed as desired, to simplify
hardware debugging, and also to provide a support for testing
new hardware.
A. Functional blocks
The block diagram of the proposed wireless sensor node is
shown in figure 2. In the sensor node, when a signal is captured
by the antenna block, it goes through the impedance matching
block, then entering the energy harvester. In conjunction with
the voltage regulator, the energy harvester rectifies the received
energy into a regulated voltage to power the sensor. Connected
directly to the output of the power harvester, the demodulator
extracts a data stream from the incoming carrier wave (in case
the latter is modulated). The extracted baseband waveform is
then read and interpreted by the microcontroller. Uplink data
is sent via the backscatter modulator, which was implemented
with a single transistor acting as a binary switch (the transistor
itself is clearly visible at the right side of the layout).
Antenna
Impedance matching
Energy harvester
Demodulator
Modulator
Voltage regulator
Microcontroller
Fig. 2. Block diagram of the proposed wireless sensor node (in which the
arrow tips indicate in which directions power, data, or both, depending on the
context, are permitted to flow).
Additional functional modules that were integrated into the
sensor node include:
• a voltage protection module based on a Transient Voltage
Suppressor (TVS) diode, meant to protect sensitive parts
from voltage spikes;
• an energy storage module, consisting on a single 6.8µF
capacitor;
• a supply voltage supervisor, to guarantee that the sensor
node enters active mode only when a suitable voltage is
accumulated at the storage capacitor;
• and a memory module based on an Electrically Erasable
Programmable Read-Only Memory (EEPROM) memory
chip (since the flash built into the MSP430F2132 cannot
be written to at a supply voltage of 1.8V) of 1KB.
It is important to mention that some of the circuits utilized
in the proposed sensor node were based on those of the Intel
Wireless Identification and Sensing Platform (WISP), which is
a notable example of a sensor-enhanced RFID tag (additional
information regarding the most recent WISP platforms can be
found in [11]).
B. High frequency front-end
The simulation model that is shown in figure 3 was created
to mimic the behavior of the sensor node in terms of energy
harvesting. The model was designed in the Advanced Design
System (ADS) simulator, using blocks available in databases
related to microstrip lines and lumped components, except for
the diodes, which were modeled based upon the information
contained in [12], related to the diodes themselves, and [13],
related to their packaged versions.
The diode chain is a multi-stage voltage multiplier, known
as the Dickson charge pump.
15p
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Fig. 3. Simulation model representing the front-end of the proposed sensor
node, in which parasitic resistances are either added in the form of resistors
(0.2Ω in case of the capacitors), or included directly into the components to
which they refer to (4.11Ω in case of the inductor).
The load that was connected to the output of the simulation
model was essentially comprised of the storage capacitor and
an ideal current source, whose value was set according to the
estimated maximum current consumption of the sensor at the
mode of operation that minimizes the consumed power, in this
case 5µA.
C. Antenna
The proposed antenna, shown in figure 4 (on a 1:2 scale),
is a printed antenna, based on the traditional half-wave dipole,
and made of a 0.8mm thick layer of FR4.
Both the antenna itself and an edge-mount SMA connector
were modeled using the High Frequency Structure Simulator
(HFSS) and the resulting three-dimensional model was tuned
for maximum efficiency. In order to do this, several degrees
of freedom were explored, which included varying the length
and width of the arms of the dipole, creating copper areas at
its tips and modifying those at its center, sliding one arm over
the other, adding parasitic copper shapes, and so forth.
Fig. 4. Physical layout of the proposed antenna (on a 1:2 scale), in which
the large rectangular area corresponds to a substrate board and the copper
shapes represent a pair of radiating structures, printed on opposite sides of
the board.
In addition to its eficiency in the order of 96% (achieved in
simulation, and not the result of an actual measurement), the
antenna was verified to be affected by the size of the substrate
in which it is built on, but not by dielectric constant variations
or significant loss tangents (which were the reasons why FR4
could be used without causing any major efficiency loss).
III. EXPERIMENTAL RESULTS
Figure 5 presents the voltage harvested by the sensor node
under different input power conditions. In this test, the device
was attached to a signal generator setup to output a sinusoid
at 866.6MHz. The output power was then slowly varied first
from -12 to 2dBm, and then from 2 back to -12dBm, staying
for a few seconds at each measurement point and then taking
the average voltage harvested in that time window. During this
test, the sensor was prevented to switch to active mode.
-12 -10 -8 -6 -4 -2 0 2
1
2
3
4
5
6
7
Power (dBm)
V
o
lt
a
g
e
(V
)
Fig. 5. Voltage measured at the storage capacitor within the sensor node in
function of increasing and decreasing input power levels (plotted with filled
and empty circles, respectively), in comparison to the predicted results, and
considering a sinousoidal waveform at 866.6MHz. Solid lines were plotted to
highlight points located at -11.44 and -8.64dBm.
The figure demonstrates that the results obtained in practice
follow the predicted results, and with higher values, which is
not unreasonable, since a worst-case scenario was assumed in
the design of the sensor node. Also, there is a clear hysteresis
behavior in the harvested voltage, meaning that for a certain
number of power levels the node can either be turned on or
turned off, depending on its power history. Also in the figure,
the minimum power that the sensor node requires to turn on
and the power below which it is no longer able to sustain
its sleep mode are both highlighted. Finally, at higher power
levels (more or less above -2dBm), the effect of the transient
voltage suppression diode is clearly visible. It is important to
note that the predicted curve shows no clipping only because
that diode was not included into the simulation model.
With its antenna attached, the sensor node was tested with
a circularly polarized antenna having a gain of 5.5dBil (taken
from a commercial RFID reader) and setup to radiate a 2Werp
sinusoid at 866.6MHz, and was found to sustain operation
at up to 4.1 meters away, still below the 5.4 meters yielded
by the Friis formula, but a reasonable result (calculations were
carried out considering the developed antenna to have the gain
of a traditional half-wave dipole and the received power to be
equal to the turn on threshold measured for the node).
IV. CONCLUSION
It is almost ironic that the same hardware component which
enabled (and that in many cases still enables) sensor nodes
to operate wirelessly is now hindering their natural evolution
towards smaller sizes and longer lifetimes. That is the reason
why a new class of sensor nodes that contain no batteries and
harvest their energy from electromagnetic waves is emerging,
and it is to this class that the wireless sensor node discussed
in this paper belongs.
In its current state, the developed wireless sensor node can
already be used for experimenting with new software and new
hardware through the interfaces it provides, but the device is
still very underexplored. Future improvements may lead to an
extended range, a smaller size, and more functionality.
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Abstract—Wireless Sensor Networks (WSNs) usually consist of
battery-powered nodes. Therefore, once the batteries deplete, the
networks collapse. Passive sensor nodes are immune to this kind
of problem because they do not have batteries, but on the other
hand, their range is significantly shorter. This paper shows that
this range can be enhanced (in a noticeable manner) if the Radio
Frequency (RF) source that powers the nodes is set up to radiate
a multisine waveform instead of a pure sinusoid, considering the
same average power. The passive sensor used to demonstrate the
usefulness of combining multiple sinusoidal waveforms is based
on a low-power 16-bit microcontroller, and includes circuits for
bi-directional wireless binary communication (envelope detection
for downlink, backscatter for uplink). The sensor also features a
50Ω antenna port and an interface for debugging and expansion
composed of 26 pins. Considering a power source of 2Werp, the
maximum range of the wireless sensor (together with a half-wave
dipole antenna) is 5.3 meters.
I. INTRODUCTION
Current wireless sensor nodes include controllers optimized
for low-power operation and a number of power switches that
can interrupt the power supply to peripheral hardware modules
whenever necessary. In addition, carefully designed software
routines ensure that the node’s energy consumption is always
kept as low as possible, by disabling non-essential functional
modules, and by making use of the controller’s power-saving
mechanisms. However, one of the most substantial challenges
in the design of these devices is still increasing their lifetime
without having to increase their size or weight (that would be
the most likely outcome of using higher-capacity batteries to
power the nodes). Further information regarding other design
issues in Wireless Sensor Networks (WSNs) can be found, in
the form of a survey, in [1].
The model that most sensor networks use assumes that the
nodes are powered by disposable batteries. In fact, this model
is suitable for small networks but it does not scale well, since
maintenance costs rise quickly as more nodes are added. The
need to replace batteries almost continuously creates a critical
problem for any application.
Maintaing battery-operated sensor nodes in hard-to-service
locations creates yet another significant challenge. In this (not
so unrealistic) scenario, maintenance operations become much
more difficult to accomplish and hence more expensive, thus
adding a substantial cost to the already high cost of replacing
batteries. In addition, this can even limit where the nodes are
placed, therefore potentially reducing the effectiveness of the
overall deployment. Also very importantly, for these networks
to become ubiquitous, the size of the nodes has to decrease in
a significant manner. Smaller batteries help minimize the size
of the nodes, but generally contain less energy in comparison
to their larger counterparts.
In short, the need shared by most wireless nodes for longer
lifetimes and smaller sizes and the power density of currently
available battery technology do not match, at least for the time
being. In addition, even though substantial improvements have
ocurred in other hardware modules, those improvements have
not yet ocurred in battery technology, and no drastic changes
are anticipated for now, according to [2]. This is precisely one
of the reasons why the process of harvesting energy from the
is becoming quite important.
Electromagnetic energy harvesting, frequently also referred
to as Radio Frequency (RF) energy harvesting, allows sensors
to be placed in inaccessible or hazardous areas, or in locations
where battery replacements are impractical. With the capacity
to power multiple devices from a single RF power source, this
solution allows WSNs to scale by supplying maintenance-free
power for hundreds of nodes, simultaneously. Additionally, in
a solution based on electromagnetic energy harvesting, power
can be replenished as desired. Other kinds of energy, such as
solar, piezoelectric or thermal do not share this feature, since
they rely on ambient energy sources that are generally beyond
any control.
Passive sensor-enhanced wireless nodes are introduced and
briefly decribed in the section that follows. In the subsequent
sections, the passive node used in measurements is presented
and the practical results are shown (and discussed).
II. PASSIVE SENSOR DEVICES
It is true that battery-powered sensor nodes usually outpace
passive nodes in terms of maximum range. Yet, it is also true
that passive nodes eliminate one of the most critical problems
in sensor networks.
A. Wireless Passive Sensor Networks (WPSNs)
Unlike conventional wireless sensor nodes, wireless passive
sensor nodes are fed remotely by an external RF power source
and remain functioning as long as energy is delivered in. By
definition, passive sensor nodes have no batteries (or any other
disposable part) and use modulated backscatter to send data to
sink devices, which can be the same devices that supply power
to them or not. Moreover, there may be various power sources
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operating in a single network (advantages and disadvantages of
different powering topologies and many other subjects related
to this paradigm are discussed in [3]). If no RF power sources
are active at a given moment of time, the energy accumulated
in the passive sensor nodes eventually depletes, at which time
they cease to function. Once a sufficient amount of energy is
accumulated as a result of energy harvesting, the nodes begin
to operate once again.
In terms of hardware design, a passive sensor node deviates
from the typical sensor node on the power unit and transceiver
but other than those there are no major differences. Instead of
having a battery, passive sensors have an energy harvester, and
instead of having an active transmitter, they have a backscatter
modulator. It is worth to note that these new functional blocks
are widely employed in the design of passive Radio Frequency
IDentification (RFID) tags.
B. RFID Sensor Networks (RSNs)
The typical RFID system consists of one reader and a large
number of tags. The reader interrogates the tags located within
its range, in order to extract their identification codes (via RF
waves). Since each tag is attached to a different object and all
the codes are different, each object can be uniquely associated
to a code.
The tags are usually battery-free, and therefore can be made
reliable, paper-thin and often physically flexible. They have to
be simple in order to be inexpensive (and therefore well suited
for mass production). As a matter of fact, in RFID, nearly all
complexity is at the reader’s side. The tags extract energy from
the radio waves radiated by the reader and use that energy to
reply back, not by using active transmitters (since these would
most likely deplete the tags’ energy reserves in a short amount
of time), but by using backscatter modulators. The latter enable
the tags to send information back to the reader at little energy
expense. Additional information regarding the basics of RFID
can be found in [4].
While traditional passive tags find uses in a vast number of
applications (where low price outweighs functionality), a new
class of sensor-enhanced passive tags is emerging. These tags
are able to report back to RFID readers not only their (static)
identification numbers, but also the dynamic data collected by
their sensors (some of the research challenges related to these
networks are discussed in [5]).
C. Using multisines to improve range
Considering either passive wireless sensors or passive RFID
tags, range is something of major importance. One method to
increase it is to increase the power output at the transmitting
antenna up to the threshold imposed by regulatory entities. A
second method consists in designing the nodes (or tags) to be
as efficient as possible in order to reduce power losses. A third
method that can be used to increase range consists in shaping
the amplitude of the transmitted RF signal in a way that takes
advantage of the non-linear behavior of energy harvesters that
are voltage multiplier-based. Multisine signals can be used for
this purpose. As theoretically demonstrated in [6], if all of the
frequency components of a multisine signal are phase-aligned
and of equal power, the resulting non-constant envelope causes
the energy harvesters to operate more efficiently, compared to
a pure sinusoidal wave, for the same average power. In [7], it
is shown that multisine signals can indeed improve the range
of passive RFID systems.
III. SYSTEM OVERVIEW
The wireless node used in this work was designed to operate
at a narrow band located between 865.6 and 867.7MHz. In this
particular band, the maximum radiated power is higher (hence
the choice), and set to 2Werp. European RFID readers use this
band as well (for the same reason). It is important to note that
radio regulations can change in a significant manner from one
country (or region) to another, as can be seen in [4]. The node
is made of a 0.813mm thick RO4003C board and uses solely
commercial off-the-shelf parts. The layout of the sensor node
is shown in figure 1.
Fig. 1. Physical layout of the wireless node (shown on a 2:1 scale). In this
layout, the dark-colored lines refer to the top copper layer, the lighter areas
and lines refer to the bottom layer, and the round shapes represent vias. The
remaining drawings identify the outlines of the components. At the top side
of the layout is a wider line segment designed to accomodate an edge-mount
50Ω SMA connector. The larger vias were designed to be soldered to 2.54mm
(0.1 inch) pitch pin headers.
At the center of the layout is a 28-pin flash microcontroller
responsible for managing the entire node. The MSP430F2132
is able to operate in several modes, and consumes only 0.1µA
at the deepest sleep mode. Furthermore, it can operate at up to
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6MHz with a supply voltage of 1.8V and does not need much
time to switch from a sleep state to a fully active mode. Other
important features include 8kB of built-in flash memory and
a very flexible clock system.
As the layout shows, the node integrates two rows of larger
vias (containing 13 pins each). These allow the microcontroller
to be programmed as desired, provide support for testing new
hardware, and also facilitate access to key signals (something
that is extremely useful for debugging).
A. Functional blocks
The block diagram of the wireless sensor node is shown in
figure 2.
Once the sensor node’s antenna captures a signal, that signal
passes through the impedance matching block and then enters
the energy harvester. The latter and the voltage regulator then
convert the received energy into a regulated voltage to power
the sensor. The energy harvester’s output is also connected to
the demodulator, so that a data stream can be extracted from
the carrier wave. The baseband waveform at the output of the
demodulator is then read by the microcontroller. Uplink data
is sent via the backscatter modulator.
Antenna
Impedance matching
Energy harvester
Demodulator
Modulator
Voltage regulator
Microcontroller
Fig. 2. Block diagram of the sensor node (in which the arrow tips indicate in
which directions power, data, or both, depending on the context, are permitted
to flow).
Additional functional modules that were integrated into the
sensor node include:
• a voltage protection module based on a Transient Voltage
Suppressor (TVS) diode, meant to protect sensitive parts
from voltage spikes;
• an energy storage module, consisting on a single 6.8µF
capacitor;
• a supply voltage supervisor, in order to guarantee that the
node becomes active only when an appropriate voltage is
accumulated at the storage capacitor;
• and a memory module based on an Electrically Erasable
Programmable Read-Only Memory (EEPROM) memory
chip of 1kB (since the flash built into the MSP430F2132
cannot be written to at 1.8V).
It should be noted that some circuits used in this node were
based on the ones used in the Intel Wireless Identification and
Sensing Platform (WISP). Further information on this project
can be found in [8].
B. High frequency front-end
The front-end of the sensor node is composed of a matching
network and a multi-stage voltage multiplier, several parasitic
resistances, and a number of microstrip lines, as illustrated in
figure 3.
15p
15p
15p
15p
15p
15p
15p
15p
15p
8.2p
6.8n
Fig. 3. Simulation model representing the front-end of the wireless sensor
node, in which parasitic resistances are either added in the form of resistors
(0.2Ω in case of the capacitors), or included directly into the components to
which they refer to (4.11Ω in case of the inductor).
The values for the inductor and for the capacitors shown in
the figure were determined via simulation, considering a load
composed of the storage capacitor (mentioned earlier) placed
in parallel with an ideal current source of 5µA. This particular
value represents the estimated maximum current consumption
of the entire node at the deepest sleep mode. The diodes used
in the voltage multiplier were modeled as recommended in [9]
and [10]. Furthermore, the matching network was designed so
that the node would have an input impedance as close to 50Ω
as possible.
C. Antenna
The node’s antenna was based on the half-wave dipole, and
its layout is shown in figure 4.
The antenna was designed to be highly efficient (for a 50Ω
interface) and omnidireccional. The actual antenna is made of
a 0.8mm thick FR4 layer. In simulation, an efficiency of 96%
was obtained.
Fig. 4. Physical layout of the node’s antenna (on a 1:2 scale). The antenna
consists of a pair of radiating arms printed on a rectangular-shaped substrate
board (one arm printed on each side).
Further information regarding this antenna or the described
node is available in [11].
IV. EXPERIMENTAL RESULTS
Figure 5 shows the voltage harvested by the sensor node as
a function of the RF input power.
In this test, the node was stimulated with a multisine signal
with content located at 865.7, 866.3, 866.9 and 867.6MHz. In
addition, the node was also tested with a pure sinusoidal wave
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at 866.6MHz. For both signals, the power was varied from -15
to -1dBm and then from -1dBm back to -15dBm. It should be
noted that during these tests the node was forced to remain at
the deepest sleep mode.
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Fig. 5. Voltage measured at the storage capacitor inside the sensor node in
function of increasing and decreasing input power levels (plotted with filled
and empty circles, respectively), in comparison to the predicted results. The
upper graph shows 1 tone data and the lower graph shows 4 tone data. Solid
vertical lines were plotted to highlight points located at -13.60, -12.48, -8.84
and -8.28dBm.
The graphs illustrate a number of important aspects related
to the behavior of the sensor node. First, the voltage measured
in practice was higher than predicted. This was not a surprise
since a worst-case scenario was assumed in the design of the
node, in terms of quiescent currents and quality factors (both
extracted from datasheets). Second, there is a clear hysteresis
behavior, meaning that for a certain number of power levels
the node can be either turned on or turned off, depending on
its power history. Third, for higher power levels (more or less
above -2dBm) the clamping effect of the TVS diode becomes
clearly visible. The predicted curves does not exhibit that kind
of behavior simply because the TVS diode was not taken into
account in the simulation model. Finally, the graphs show that
the use of 4 tones instead of 1 indeed increases the harvested
voltage and decreases the turn off voltage threshold, yet it also
increases (albeit slightly) the turn on voltage threshold (these
thresholds are represented by the solid lines).
A. Operating distance in practice
The experimental setup utilized for measuring the range of
the sensor node was comprised of a signal generator, a power
amplifier and a circularly polarized patch antenna with a gain
of 5.5dBil. The antenna was taken from a commercial passive
RFID system. On the sensor’s side, the firmware was changed
and new hardware was added, in this case a LED. In order to
cause the LED to flash once per second, the sensor node was
programmed to switch to active mode twice per second (first to
turn the LED on, then off). Under the described experimental
conditions, the signal generator was configured to generate a
866.6MHz sine wave with enough power to produce 2Werp at
the antenna. The sensor was then moved away from the power
source until the LED stopped blinking, and the corresponding
distance was measured. The maximum operating distance was
also measured considering 4 tones at the output of the signal
generator. In the first case, the sensor ceased to function at 4.1
meters. The use of 4 tones resulted in a maximum distance of
5.3 meters.
V. CONCLUSION
One of the most relevant disadvantages of battery-operated
sensor nodes is that they cease to function once their batteries
run out. Passive nodes are not affected by this problem (since
they have no batteries), but their range is usually limited to a
few meters. This paper has shown that the shape of the signal
used to power the sensor nodes has a significant effect on the
operating distance. Therefore, it is reasonable to conclude that
the wireless range of passive nodes depends not only on how
well they are designed (the more energy-efficient they are, the
better), but also on how well the waveform that is radiated to
them is able to exploit the non-linear behavior of their energy
harvesting systems.
ACKNOWLEDGMENT
The authors would like to thank Fundac¸a˜o para a Cieˆncia e
Tecnologia (doctoral grant SFRH/BD/69392/2010 and project
ID PTDC/EEA-TEL/099646/2008) and also Portugal Telecom
Inovac¸a˜o (GreenTel project) for the financial support provided
during the course of this work.
REFERENCES
[1] I. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “A survey
on sensor networks,” Communications Magazine, IEEE, vol. 40, no. 8,
pp. 102 – 114, aug 2002.
[2] R. Want, K. Farkas, and C. Narayanaswami, “Guest editors’ introduc-
tion: Energy harvesting and conservation,” Pervasive Computing, IEEE,
vol. 4, no. 1, pp. 14 – 17, jan. 2005.
[3] O. Akan, M. Isik, and B. Baykal, “Wireless passive sensor networks,”
Communications Magazine, IEEE, vol. 47, no. 8, pp. 92 –99, august
2009.
[4] V. Chawla and D. S. Ha, “An overview of passive rfid,” Communications
Magazine, IEEE, vol. 45, no. 9, pp. 11 –17, september 2007.
552
[5] A. S. Michael Buettner, Ben Greenstein and J. R. Smith, “Revisiting
smart dust with rfid sensor networks,” in Seventh ACM Workshop on
Hot Topics in Networks (HotNets-VII), October 2008.
[6] A. S. Boaventura and N. B. Carvalho, “Maximizing dc power in energy
harvesting circuits using multisine excitation,” in IEEE International
Microwave Symposium, Baltimore, USA, June 2011.
[7] M. Trotter, J. Griffin, and G. Durgin, “Power-optimized waveforms for
improving the range and reliability of rfid systems,” in RFID, 2009 IEEE
International Conference on, 2009, pp. 80 –87.
[8] D. Yeager, P. Powledge, R. Prasad, D. Wetherall, and J. Smith,
“Wirelessly-charged uhf tags for sensor data collection,” apr. 2008, pp.
320 –327.
[9] HSMS-2850 Series - Surface Mount Zero Bias Schottky Detector Diodes,
Agilent Technologies, 1999.
[10] Application Note 1124 - Linear Models for Diode Surface Mount
Packages, Hewlett-Packard, 1997.
[11] R. D. Fernandes, “Design of a battery-free wireless sensor node,”
Master’s thesis, Universidade de Aveiro, 2010.
553

